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I Physical inactivity
Physical inactivity, definition and prevalence
Physical inactivity is defined as lack of a sufficient amount of physical activity. Therefore, 
the concept of physical inactivity depends heavily on what is regarded as a sufficient 
amount of physical activity. In The Netherlands, the Dutch Guideline for Healthy Movement 
(Nederlandse Norm Gezond Bewegen) was formulated in a consensus meeting in 2000 as 
at least 30 minutes of physical activity of moderate intensity on at least five days per week 
(63). An example of moderate intensity activity is brisk walking (5-6 km·h-1). The Dutch 
guideline closely resembles international guidelines, such as the NIH consensus (100) and 
the American College of Sports Medicine Position Stand (83). These guidelines are based on 
the finding that a moderate increase in physical activity level already causes a substantial 
decrease in cardiovascular disease (105, 139) (Figure 1).
Based on the current guideline, about half of the Dutch middle-aged population is 
physically inactive (119). Of the physically inactive subjects, 14-21% is extremely inactive, 
i.e., does not perform a sufficient amount of exercise on any day of the week. In the Dutch 
Guideline for Healthy Movement, moderate intensity of physical activity is adapted for age 
in subjects younger than 18 years and older than 55 years. In the population between 55-
75 years of age, walking 3-4 km·h-1 is considered moderate intensity exercise. In this older 
population, 30% is physically inactive. In contrast, younger people (age below 18 years) are 
required to engage in physical activity for one hour every day. Of this younger group 76% is 
physically inactive. 
Figure 1  Physical activity and age-adjusted mortality rates in 4311 men aged 52-72 years without cardiovascular 
disease or self-reported “poor health” in 1992 followed for 4 years. The numbers on the curves represent deaths. 
Reprinted with permission from Elsevier (The Lancet 351: 1603-1608, 1998.)
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Physical inactivity as a risk factor for cardiovascular disease
The importance of physical inactivity as a modifiable behavioral risk factor for cardiovascular 
disease is well established. The combination of poor diet and physical inactivity is the second 
actual cause of death after smoking, and accounts for 16.6% of deaths in the United States 
(91). The evidence for physical inactivity as an independent risk factor for cardiovascular 
disease has been reviewed (137). Physically active men and women have a 40 to 50% lower 
risk for cardiovascular disease than their sedentary peers. Regular physical activity of moderate 
intensity is sufficient to decrease the risk for cardiovascular disease (137). This is illustrated in a 
study by Wannamethee (Figure1)(139). Moreover, a review of the available literature provides 
evidence that a dose response relationship between physical inactivity and cardiovascular 
disease exists (67). Most of this evidence stems from observational studies and does not 
necessarily establish a causal relationship between inactivity and cardiovascular disease. To 
address this issue several studies have shown that taking up or increasing exercise can decrease 
cardiovascular mortality by 34 to 52% (4, 102, 139). These studies form a strong argument for 
a causal relationship between inactivity and cardiovascular disease. Furthermore, the benefit 
of physical activity is independent of the effect of physical activity on traditional risk factors, 
such as blood pressure, dyslipidemia, and insulin (138). Finally, physical activity reduces 
cardiovascular risk in an obese population independently of the effect on weight (57). 
II  Physiology of vascular adaptation
The cardiovascular system adapts to changes in demand and in environment. In the following 
paragraphs normal regulation of the adaptation of arteries and veins in the arms and legs will 
be discussed.
Arteries: vascular tone and endothelial function
The blood flow and diameter of arteries is the result of fast, functional changes in vascular tone 
and of chronic and structural changes by arterial remodeling. Skeletal muscle vascular tone 
and blood flow are intricately regulated by systemic and local vascular control mechanisms 
(25). An important systemic cardiovascular control mechanism is the sympathetic nervous 
system, which mainly causes vasoconstriction. The systemic mechanisms are predominantly 
aimed at blood pressure control and cardiovascular homeostasis, whereas the local systems 
maintain tissue homeostasis. 
The endothelium plays an important role in local vascular control. Numerous vasoactive 
substances are secreted by the endothelium, such as the vasodilators nitric oxide (NO), 
prostacyclin, and endothelium-derived hyperpolarization factor, and vasoconstrictors, such 
as endothelin and several vasoconstrictive prostaglandins (89). This thesis will focus on local 
vascular control and specifically on the role of NO.
The key role of the endothelium in the control of vascular tone was first identified in the 
hallmark study by Furgott (40). Acetylcholine mediated dilatation of blood vessels required an 
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intact endothelium. The endothelium released a vasodilating factor, which was later identified 
as NO (92). NO is synthesized in endothelial cells from L-arginine by nitric oxide synthase 
(NOS, Figure 2) (103). Three isoforms of NOS have been identified: endothelial, neuronal and 
inducible NOS. After diffusing into the vascular smooth muscle cell NO binds to guanylate 
cyclase. The resulting increase in cyclic guanosine mono phosphate induces smooth muscle 
relaxation and vasodilatation (39).
Figure 2  Schematic drawing of the nitric oxide system in conduit and resistance arteries. Endothelial nitric oxide 
synthase produces nitric oxide from L-arginine. Nitric oxide causes an increase in cyclic guanosine mono phosphate 
(cGMP) in the smooth muscle cell. Shear stress causes an increase in nitric oxide production and vasodilatation. 
In conduit arteries this vasodilatation is measured as flow-mediated dilatation. The contribution of nitric oxide to 
baseline vascular tone can be measured at the level of the resistance arteries by blocking nitric oxide synthase with 
NG-monomethyl-L-arginine (L-NMMA).
NO importantly influences baseline vascular tone. In humans, this has been demonstrated by 
infusing the arginine analogue and NOS inhibitor NG-monomethyl-L-arginine (L-NMMA) in 
the brachial artery (132). L-NMMA infused into the brachial artery causes a 25-50% decrease 
in forearm blood flow (61, 132). Endothelial cells produce NO in response to shear stress 
stimuli (113). Shear stress is the frictional force of blood on the endothelium. Shear stress and 
consequently NO production increase during exercise.
Baseline and stimulated NO bioactivity are both used as measures of endothelial function. 
Stimulated NO production or endothelium–dependent dilatation is measured with ultrasound 
at the level of the conduit arteries as the vasodilatation in response to reactive hyperemic 
blood flow and shear stress (flow-mediated dilatation, FMD). At the arteriolar level, the blood 
flow response to intra-arterial administration of acetylcholine is studied. These two measures 
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of stimulated NO production do not show good intra-individual correlation, possibly because 
they interrogate different vascular beds (47). Baseline NO formation is determined from the 
vasoconstrictor response to L-NMMA (Figure 2). 
Cardiovascular risk factors are strongly associated with defects in the NO pathway. 
Reduced baseline NO production has been demonstrated in patients with hypertension and 
their offspring (84), in smokers (87), and in chronic heart failure patients (98, 144). In addition 
classical cardiovascular risk factors, such as smoking, hypercholesterolemia, hypertension, 
and hyperglycemia are all associated with a decrease in stimulated NO production (142). 
Furthermore, peripheral endothelium-dependent dilatation provides prognostic information 
on the occurrence of cardiovascular events (70).
Arteries: vascular remodeling
Arterial remodeling represents the process of chronic and structural changes in the arterial 
system. Angiogenesis is defined as the formation of new capillaries from existing capillaries. 
One of the main stimuli for angiogenesis is hypoxia, and vascular endothelial growth factor 
(VEGF) is the central growth factor in angiogenesis (108). However, the focus of the studies in 
this thesis is on remodeling of conduit arteries, also referred to as arteriogenesis. 
Arterial remodeling is a major determinant of vascular lumen size. Both conduit and 
resistance arteries can undergo a remodeling process. Outward remodeling denotes an 
increase in vessel size and cross-sectional area. Inward remodeling denotes a decrease 
in vessel size. Remodeling occurs physiologically in response to exercise, but also occurs 
in response to atherosclerotic disease. Outward remodeling is predominantly a beneficial 
process that prevents stenosis formation in the presence of atherosclerotic plaques. However, 
outward remodeling in the presence of atherosclerosis also has detrimental effects, since 
outward remodeling is associated with the occurrence of plaque rupture and subsequent 
thrombotic vessel occlusion (140). Inward remodeling plays an important detrimental role in 
the development of de novo atherosclerotic stenosis and restenosis after angioplasty treatment 
(140). The remodeling response depends on the vascular bed. For instance, femoral arteries 
are more prone to inward remodeling than renal arteries (140). 
 After the first description by Langille and O’Donnell in 1986 (71), the physiology of arterial 
remodeling in response to high and low flow stimuli has been studied extensively in animal 
models. In animal studies, increased blood flow in the carotid artery, induced by an artificial 
arteriovenous shunt, causes outward remodeling with a normalization of shear stress. This 
response is NO dependent, because in the presence of a nitric oxide synthase inhibitor this 
normalization of shear stress is blunted (131). Nitric oxide increases Matrix Metalloproteinase 
activity, which may play an important role in the remodeling process (130). On the other 
hand, low blood flow causes endothelium-dependent inward remodeling (71). Rudic showed 
that inward remodeling of rat carotid artery is dependent on endothelium-derived NO (115). 
In these experiments, structural remodeling coincided with a temporal reduction in basal, 
but not stimulated NO production (114). Other substances have been implicated in inward 
remodeling, such as platelet derived and transforming growth factor (140). 
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Veins: vascular adaptation
The venous system contains 70% of the total blood volume and plays a critical role in 
cardiovascular homeostasis by determining venous return and thus cardiac filling and stroke 
volume (112). Venous capacitance defines the venous pressure-volume relationship at a given 
level of smooth muscle tone. Therefore, venous capacitance determines the blood volume that is 
stored in the venous system. This stored venous volume can be used to increase venous return to 
the heart, but excessive venous pooling during standing may also cause orthostatic intolerance. 
Venous compliance represents the change in volume of the veins in response to a change in 
pressure. Venous compliance is derived from the slope of the pressure-volume curve. 
The regulation of venous characteristics has not been studied as extensively as the 
regulation of the arterial system. Available data suggest that the sympathetic nervous system is 
the most important vasopressor system in the control of venous capacitance (104). Deep veins 
in the legs are believed to have little sympathetic innervation and surrounding skeletal muscle 
may primarily control deep vein compliance (10). Nevertheless, sympathetic activation 
decreases venous capacitance of the leg in humans (49). 
Vascular adaptation in models of physical inactivity
This introduction will focus on vascular changes in the leg and arm caused by physical 
inactivity. Knowledge of vascular adaptation to inactivity is limited and dispersed. In large 
observational studies self-reported physical activity is used to discern the active from the 
sedentary population. In smaller, cross-sectional studies sedentary people are compared 
to active controls to unravel the physiology of adaptation of peripheral arteries and veins 
to physical inactivity. In this cross-sectional design it is not possible to discern whether the 
observed differences are due to the effects of inactivity in the sedentary population or to the 
effects of training in the exercise-trained control population.
Alternatively, a small group of subjects is exposed to a model of physical inactivity. 
The absence of the conditioning effect of physical activity is commonly referred to 
as deconditioning. Therefore, models of physical inactivity represent deconditioning 
interventions. For instance a large body of data is derived from research on cardiovascular 
deconditioning after space travel or bed rest. Animal models have been developed to study 
the physiology of cardiovascular deconditioning in more detail. These data contain valuable 
clues of the functional and structural vascular adaptations to inactivity. However, microgravity 
has an important confounding effect. Another line of investigation focuses on changes after 
limb immobilization to study effects of localized inactivity. In addition, spinal cord-injured 
individuals offer a unique human model of extreme inactivity below the level of the lesion.
In conclusion, dispersed data on vascular adaptations to inactivity can be derived from 
different systemic and localized models of inactivity. The following section contains a concise 
review of the recorded structural and functional changes of arteries and veins after deconditioning. 
Possible physiological mechanisms underlying these changes will be discussed. 
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Animal model of physical inactivity and microgravity: hindlimb unloading
Although the focus of this thesis is on vascular adaptation to inactivity in humans, some 
data from animal studies will be presented. The only well studied animal model of physical 
inactivity is hindlimb unloading in rats. Hindlimb unloading is frequently used as an animal 
model to simulate both exposure to microgravity and physical inactivity in humans. The tail 
of the rat is surrounded by a harness and suspended to a central point above the cage. The 
hindlimbs are elevated above the ground and are therefore inactive (94). Like space travel 
and bed rest, hindlimb unloading causes lower perfusion pressure in the hindlimbs and raises 
perfusion pressure in the cerebral circulation. In this model, rats exhibit signs of cardiovascular 
deconditioning, such as resting tachycardia, reduced exercise capability, and orthostatic 
intolerance (53, 145). The structural and functional changes in conduit arteries, small arteries, 
and arterioles after hindlimb unloading have been recently reviewed in more detail (145). 
This introduction will focus on changes in the hindlimbs because these changes are partly due 
to inactivity, whereas changes in cerebral arteries are due to other mechanisms. 
Structural and functional changes in conduit arteries after hindlimb unloading
After 4 weeks of hindlimb unloading the lumen diameter and the media cross-sectional 
area of the hindquarter conduit arteries are significantly decreased (145). In contrast to 
the findings in humans (106), most studies have demonstrated a decreased vasoconstrictor 
capacity in unloaded hindlimbs. Delp demonstrated that maximal isometric contraction of 
lower abdominal aortic rings in response to norepinephrine, KCl, and arginine vasopressin 
was attenuated after two weeks of hindlimb unloading. Removal of endothelial lining did not 
alter this depression in contractility. Therefore, the most important changes after unloading 
may take place in the smooth muscle contractile apparatus (22, 24). 
However, changes in endothelial function after tail suspension have also been reported. 
Vaziri has demonstrated upregulation of inducible NO synthase (iNOS), but not of endothelial 
NO synthase, after 20 days of tail suspension. This upregulation was associated with an 
attenuation of the rise in systemic blood pressure and vasoconstriction of the femoral artery 
in response to norepinephrine infusion (116, 134). Furthermore, blocking of iNOS evoked a 
pressure response in the hindlimb unloaded animals and restored the vasoconstrictor response 
to norepinephrine (134). After hindlimb unloading neuronal NOS is increased in the brain. 
Neuronal NOS has been implicated in central sympathetic outflow regulation (133). 
In an elegant series of studies, Hasser and colleagues investigated the role of the sympathetic 
nervous system in cardiovascular deconditioning after hindlimb unloading (53). First they 
demonstrated a blunted baroreflex-mediated activation of renal and lumbar sympathetic 
nerve activity after a period of hindlimb unloading, whereas vasopressin secretion due to the 
baroreflex was enhanced. Then they demonstrated that the alteration in sympathetic nerve 
activity is probably central in origin, because baroreceptor afferent activity is unaltered and 
efferent activity is blunted after tail suspension. Both tonic GABA-mediated inhibition of 
the rostral ventrolateral medulla (53) and an increase in NO in the paraventricular nucleus 
have been implicated as the cause of this blunted sympathoexcitation (96). It is important 
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to note that sympathetic nervous function is not clearly altered by microgravity exposure in 
humans, as will be discussed in the section on bed rest, suggesting important inter-species 
differences.
Limited data are available concerning altered vasodilatory responsiveness of conduit 
arteries after simulated microgravity. A study by Delp shows lower maximal vasodilatation 
in response to acetylcholine in the lower abdominal aorta of rats after tail suspension. The 
maximal vasodilatation in response to nitroprusside was unaltered, but the sensitivity to 
nitroprusside was decreased. Therefore, the diminution of vasodilatation is probably due to 
endothelial dysfunction, but smooth muscle cell changes may also be responsible (22).
In summary, hindlimb unloading results in inward remodeling of conduit arteries. 
Furthermore, vasoconstrictor capacity of conduit arteries is decreased after hindlimb 
unloading. Both decreased smooth muscle function and increased inducible NO production 
have been implicated as causes of this decrease in vasoconstrictor capacity. The available 
data on vasodilatation capacity suggest a decrease in endothelium-dependent dilatation 
(Table 1). 
Structural and functional changes in small arteries and arterioles after hindlimb 
unloading
Hindlimb unloading does not affect skeletal muscle resistance arteries uniformly. In the highly 
oxidative, postural soleus muscle, diameter of resistance arteries decreases after hindlimb 
unloading. In the low oxidative gastrocnemius muscle, resistance arteries diameter did not 
change, but media thickness decreased (23). In accordance with these data, maximal diameter 
of arterioles is diminished in soleus but not in gastrocnemicus muscle after unloading, 
suggesting remodeling of arterioles in the soleus muscle (21). This may be explained by the 
fact that hindlimb unloading causes a decrease in blood flow and shear stress in the postural 
soleus muscle, whereas in the gastrocnemius muscle only perfusion pressure is lowered 
(23).  
Tail suspension diminishes the myogenic autoregulatory and contractile responsiveness of 
arterioles in the low oxidative gastrocnemicus muscle but not in the highly oxidative soleus 
muscle. Decrement in contractile sensitivity of the gastrocnemius muscle was evident with 
the receptor-mediated agonist norepinephrine and with the non receptor-mediated agonist 
KCl (21). Thus, the decrease in vasoconstrictor capacity after hindlimb unloading is only 
present in the low oxidative gastrocnemius muscle. 
Endothelium-dependent dilatation is decreased in the soleus, but not in the gastrocnemius 
muscle (143). The vasodilator response of the soleus feed arteries to acetylcholine and 
flow is decreased. The sensitivity to the endothelium-independent vasodilator sodium 
nitroprusside is enhanced following hindlimb unloading. Endothelial cell NOS mRNA 
and protein are decreased. This suggests that reduced flow through the soleus artery after 
reduced physical activity results in reduced NOS expression and attenuated endothelium-
dependent vasodilatation (60). Schrage reports similar findings of reduced NOS expression 
and attenuated endothelium-dependent vasodilatation for the first order arterioles of the 
20 Chapter 1 General introduction and outline of the thesis  21
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soleus muscle. Interestingly, the vasodilatation in response to acetylcholine was abolished 
by N-Omega-nitro-L-Arginine (L-NNA, a NOS inhibitor) after hindlimb unloading but was 
only attenuated in control animals. The combination of L-NNA and indomethacin (a cyclo-
oxygenase inhibitor) abolished the vasodilator response in both groups. Therefore, hindlimb 
unloading may alter the contribution of NO and prostaglandin to acetylcholine induced 
vasodilatation (118). 
In conclusion, the results of rat hindlimb unloading studies support the concept of a 
less effective vasoconstrictor response in low oxidative muscle as a cause of orthostatic 
intolerance. Furthermore, hindlimb unloading causes a decrease in NOS expression and 
endothelium-dependent dilatation in the hindlimb muscles with decreased blood flow during 
unloading (Table 1).
Structural and functional changes in the venous system after hindlimb unloading
Studies in hindlimb unloaded rats have shown an increase in systemic and mesenteric 
venous compliance and attenuation of the effect of norepinephrine on the reservoir function 
in these capacitance beds (29, 30). These studies suggest that in animals altered venous 
hemodynamics contribute to the excessive reduction in stroke volume in the upright posture 
after microgravity exposure.
Human models of physical inactivity and microgravity: bed rest and spaceflight
Head-down tilt bed rest was originally designed to study the adaptation to a microgravity 
environment during spaceflight. Therefore, these two models of microgravity and particularly 
the physiology of adaptation to microgravity will be discussed together.
Structural arterial adaptation to bed rest
Most bed rest studies used plethysmography applied to the calf to measure changes in blood 
flow at the level of the resistance arteries. In the calf, blood flow decreased by 26-48% after 
4-41 days of bed rest (14, 62, 78, 107). A longer period of bed rest (120 days) resulted in a 
similar 44% decrease of calf blood flow (11). One study demonstrated already a decrease in 
blood flow of 26% after one day of bed rest (78). All these studies applied 6-degree head-
down tilt bed rest (14, 62, 78, 107). In the first 24-48 hours, head-down tilt bed rest causes 
a pronounced decrease in plasma volume of 10-20% (13), which may be responsible for 
a large part of the blood flow decrease in these studies. In contrast, Bonde-Petersen also 
used plethysmography but reported no changes in leg blood flow after 20 days of horizontal 
bed rest (6). Interestingly, Takenaka used echo Doppler ultrasound in the same subjects and 
reported a 50% decrease in blood flow in the femoral artery (129). Reactive hyperemia and 
vascular conductance were reduced after 7 to 16 days of horizontal and head-down tilt bed 
rest, respectively (31, 38). 
In contrast to calf blood flow, forearm blood flow and forearm vascular resistance did not 
change after bed rest in most studies using plethysmography (6, 107, 120). However, an 
increase of forearm vascular resistance after 16 days of head-down tilt bed rest has been 
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reported (32). Reactive hyperemia, a measure of arteriolar vasodilator capacity and structure, 
decreased after 14 days of bed rest (121). In the same study, forearm vasoconstrictor capacity, 
measured with a cold-pressor test, also decreased after bed rest. Assessment of the brachial 
artery with ultrasound showed no change of baseline diameter, blood flow, and reactive 
hyperemic blood flow after 7 days of head-down tilt bed rest (7). 
In summary, baseline blood flow in the calf is decreased after head-down tilt but not after 
horizontal bed rest. Baseline blood flow in the arm does not change after bed rest. Reactive 
hyperemic blood flow, a measure of the structural arteriolar capacity in the arm and calf 
is decreased after horizontal and head-down bed rest (Table 1). Information on structural 
changes in the conduit arteries after bed rest is scarce. 
Venous adaptation to bed rest
Studies of venous vascular properties in the leg after bed rest show conflicting results, with 
some studies reporting an increase in leg compliance (9, 15, 78), others reporting no changes 
(6, 32, 88), and one study reporting a decrease (11). In the most detailed study, venous 
compliance increased the first 26 days of bed rest by 50% and subsequently decreased, 
but was still elevated by 20% after 41 days of bed rest (78). There is evidence that the initial 
increase in compliance is related to muscle atrophy with a decrease in deep vein support (14, 
78). However, this contribution of muscle atrophy to changes in venous compliance may be 
overestimated, since most studies used highly trained subjects. Furthermore, the mechanisms 
that cause the subsequent decrease in compliance have not been elucidated (78). 
Arterial and venous adaptations to spaceflight
Spaceflight causes profound cardiovascular deconditioning. Although microgravity is an 
important cause of cardiovascular deconditioning, physical inactivity due to weightlessness 
and room confinement also play an important role. Therefore, spaceflight can serve as a 
model for physical inactivity. 
In accordance with data from bed rest studies, Watenpaugh showed a 41% decrease in 
calf blood flow after 4-12 days of spaceflight (Table 1), with a concomitant doubling in calf 
vascular resistance (141). In the same study, reactive hyperemic blood flow did not change 
after spaceflight. Limited ultrasound data on leg conduit artery characteristics are available. 
In contrast to the data from Watenpaugh and from previous bed rest studies, Arbeille reports 
an increase in femoral artery blood flow and a decrease in femoral artery resistance after 
spaceflight (2). These results are difficult to interpret, since flow was calculated from velocity 
only, whereas changes in diameter were postulated not to occur. In addition, resistance was 
calculated as an index of two velocity peaks. Watenpaugh reports no change in venous 
compliance after 4-12 days of spaceflight (141). 
Physiology of arterial changes after microgravity exposure
Most bed rest and spaceflight studies have focused on orthostatic intolerance as a hallmark 
of cardiovascular deconditioning. Several potential causes for orthostatic intolerance have 
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been described, such as hypovolemia (5, 36), cardiac changes resulting in lower stroke 
volume (76), diminished autonomic reflex function (53, 81), and diminished vasoconstrictor 
capacity (8). Particularly the studies focusing on diminished vasoconstrictor capacity provide 
some insight into arterial changes after deconditioning. Most studies address the role of the 
sympathetic nervous system and NO in this attenuation of vasoconstriction. 
Recently, the effect of bed rest and spaceflight on the autonomic nervous system and 
specifically the sympathetic system has been further elucidated. Microgravity exposure 
reduces the carotic-cardiac baroreflex. The carotic-cardiac baroreflex causes an increase 
in heart rate in response to lowering of the blood pressure. This quick increase in heart rate 
is vagally mediated and reduced after microgravity exposure (17, 33). Since the heart rate 
response to post flight orthostasis is exaggerated, sympathetic activation overcomes the 
observed decreases in vagally mediated baroreflex function (33). Indeed the sympathetic 
response to tilt and Valsalva, assessed with muscle sympathetic nerve activity and peripheral 
resistance, is appropriately enhanced after spaceflight and bed rest (17, 75, 107). Finally, end 
organ responsiveness is not altered after spaceflight and bed rest. The response of limb and 
systemic vascular resistance to intravenous and intra-arterial infusion of an alfa-adrenergic 
agonist is not altered by microgravity exposure (16, 106). In conclusion, although vagally 
mediated carotic-cardiac baroreflex function is decreased after microgravity exposure, the 
sympathetic nervous system function and the end organ responsiveness are normal. Therefore, 
in contrast to findings in rat hindlimb unloading, orthostatic intolerance after microgravity 
exposure in humans is not due to changes in the sympathetic nervous system 
Plasma nitrate and nitrite concentration, an indicator of endogenous NO production, was 
decreased after 14 days of head-down tilt bed rest (62). In another shorter study, urinary nitrite 
excretion did not change after 7 days of bed rest (7). Interestingly, flow-mediated dilatation of 
the brachial artery, a measure of endothelial NO production, was enhanced in the same study 
(7). Therefore, the effect of bed rest on the NO pathway in humans is not yet elucidated. The 
concept of upregulation of the NO pathway as a cause of orthostatic intolerance, which is 
based on animal studies, has not been validated in humans.
Spinal cord injury as a human model of physical inactivity
Spinal cord-injured individuals (SCI) are subject to paralysis and extreme inactivity below the 
level of the spinal cord lesion. Therefore, SCI can serve as a “model of nature” for vascular 
adaptation to localized extreme deconditioning of the legs.
Structural arterial adaptation in SCI
In SCI, the diameter of the conduit arteries of the leg (the common and superficial femoral artery) 
is approximately 20-30% lower than in healthy controls (19, 56, 59, 117). The adaptation of 
femoral artery diameter is completed within 6 weeks after the spinal cord injury (19). Although 
a 30% decrease in common femoral artery blood flow in SCI as compared with control subjects 
has been demonstrated with echo Doppler ultrasound measurements (56), several studies using 
the same technique have reported no differences in resting leg blood flow (20, 101).
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At the arteriolar level, baseline blood flow assessed with plethysmography was more than 
50% lower and vascular resistance was more than doubled in SCI as compared with control 
subjects. The fact that these changes in blood flow and vascular resistance in SCI were 
reversible by training suggests that most of the changes in vascular resistance and blood 
flow are due to deconditioning and not to denervation (54). This is supported by the fact that 
reactive hyperemic blood flow, which is 62% lower in SCI as compared with control subjects 
(20), is normalized to control values by electrical stimulation leg training (99).
In summary, most studies show a lower arterial diameter, baseline blood flow, and reactive 
hyperemia in the legs of SCI than in control subjects (Table 1). 
Functional arterial adaptation in SCI
Endothelium-dependent dilatation of leg conduit arteries is increased in SCI as compared 
with control subjects (20). If endothelium-dependent dilatation is corrected for its eliciting 
stimulus shear rate, this difference is no longer statistically significant. However, per delta 
shear rate the response is still greater in SCI than in controls. This indicates that stimulated 
NO production is at least preserved and may be enhanced in the extremely inactive legs of 
SCI. However, no studies have examined the role of baseline NO production in the lower 
baseline blood flow in SCI. Of the other factors that regulate baseline vascular tone only the 
alfa-adrenergic system has been investigated. Interestingly, despite the spinal cord injury alfa-
adrenergic tone is preserved in the leg vascular bed of SCI (68). 
Venous adaptations in SCI
Venous capacitance is approximately 30-45% lower (37, 55) and venous compliance is 
approximately 50% lower in SCI than in control subjects (55). With the use of ultrasound, lower 
venous compliance in SCI as compared with control subjects has also been demonstrated in 
the conduit veins of the leg (18). In addition, venous outflow variables are higher in SCI than 
in control subjects (37, 55). These venous adaptations may serve to increase the orthostatic 
tolerance of SCI. 
Cast immobilization as a human model of physical inactivity
Structural arterial adaptation to cast immobilization
Silber studied vasodilator capacity of forearm blood vessels after cast immobilization of the 
wrist as a treatment of bone fracture. Minimal vascular resistance after 5 minutes arterial 
occlusion was measured within 48 hours after cast removal and after 29 days. Minimal 
vascular resistance was higher in the casted than in the control arm. During the recovery 
period, minimal vascular resistance decreased in the casted arm but did not change in the 
control arm (123). So minimal resistance was increased by immobilization and reduced by 
resumption of activity. Arm circumference and resting blood flow did not change during the 
recovery period.
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After cast immobilization of the elbow to treat bone fractures, distensibility of the radial 
artery was measured with an echo-tracking device on the day of plaster removal and after 
45 days of rehabilitation. Radial artery distensibility was markedly reduced compared to the 
control arm. After rehabilitation the distensibility improved, but remained lower than in the 
control arm (41). These studies indicate that immobilization of the arm of 30 to 45 days causes 
an increase in minimal vascular resistance and a decrease in distensibility of the arteries of the 
arm in the presence of wound healing.
After 2-12 weeks of cast treatment for leg trauma, reactive hyperemic blood flow is lower 
in the casted leg than in the control leg, whereas baseline blood flow is similar. After 6 weeks 
recovery the difference in reactive hyperemic blood flow is absent (69). It should be noted 
that all studies of casted limbs after trauma are confounded by a possible increase in blood 
flow due to the trauma. In a recent study in healthy volunteers, Sugawara demonstrated a 
decrease in femoral artery diameter and blood flow after 1 week of leg casting (127). The 
observed decrease in baseline blood flow in the absence of changes in shear rate in this study 
is in contrast with several other models of inactivity (19, 101, 117). 
Endothelial function after cast immobilization
Only one study addressed the physiology of arterial adaptation to immobilization in the arm. 
In a small group of 6 subjects who had worn forearm casts for treatment of fractures and 
6 controls, forearm blood flow response to L-NMMA and norepinephrine was tested. The 
response to these agents was similar between casted subjects and control subjects and before 
and after 6 weeks recovery (45). A possible explanation for these findings is the unaltered 
forearm blood flow, which may be a result of increased metabolic demand after the injury 
and fracture. Furthermore, subjects were compared with controls, whereas the best control 
would have been the same subjects prior to casting, because this corrects for inter individual 
variation in blood flow control. Finally, the dosage of L-NMMA used in this study is not likely 
to produce maximal NOS inhibition.
Vascular adaptation to exercise training
Inactivity may be defined as a lack of exercise. Therefore, the effects of exercise training may 
indicate the inverse from the effects of inactivity or deconditioning. In cross-sectional studies, 
differences between sedentary people and active controls provide clues for the effect of exercise 
and for the effect of inactivity. In the following paragraphs, the effects of exercise on vascular 
dimensions and blood flow and endothelial function will be discussed. Some data from animal 
studies will be discussed, but the emphasis is on adaptation to exercise in humans.
Structural arterial adaptation to exercise in animals
Most recent studies have focused on vascular function, whereas data on structural changes 
are rather scarce. Studies in exercise-trained rats and dogs suggest that proximal coronary 
artery dimensions increase in proportion to left ventricular weight. Arteriolar density is 40-
60% higher in exercise-trained as compared to sedentary swine (72).
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Functional arterial adaptation to exercise in animals
Animal studies provide insight in the time-course of changes in the NO pathway in response 
to exercise and will be discussed briefly. The effect of exercise on the coronary circulation has 
been the subject of many studies. Laughlin has argued that the effect of training on endothelial 
function is determined by the duration of training and differs for the coronary conduit arteries 
versus the coronary arterioles (73, 74). In exercise-trained pigs, short-term training increases 
endothelium-dependent dilatation of the conduit arteries, but not of the arterioles (74). On 
the other hand, chronic exercise training only improves endothelium-dependent dilatation 
in the arterioles (97). Possibly, shear stress first increases in the conduit arteries and causes 
remodeling and normalization of shear stress and endothelium-dependent dilatation during 
exercise. Whereas at the arteriolar level, endothelium-dependent dilatation remains elevated 
after chronic training (74). 
 Some data are available on the adaptation of skeletal muscle arteries to exercise training. 
Short-term (2-4 weeks) exercise training in rats induced increased endothelial NO synthesis 
and increased response to acetylcholine in skeletal muscle arterioles (128). In agreement 
with these results 7 days of training enhanced endothelium-dependent dilatation of large 
conduit arteries in pigs (86). In contrast, chronic exercise (16-20 weeks) does not improve 
NO dependent vasodilatation in conduit arteries in pigs (85). In combination with several 
other studies, which were reviewed recently (44, 80), these data suggest that improvement in 
endothelium-dependent vasodilator response by exercise is a transient phenomenon, that is 
lost with long-term training (44). This suggests that short-term functional changes are replaced 
by long-term structural changes (44).
Structural adaptation of conduit arteries to exercise in humans
In cross-sectional studies, the diameter of the common femoral artery was larger in road-
cyclist athletes and endurance-trained men and women than in sedentary controls (27, 58, 
93). In addition, intima media thickness of the femoral artery was lower in trained men 
and women than in their sedentary peers (27, 93). Furthermore, femoral artery diameter is 
positively related to maximal oxygen consumption (35). 
In a longitudinal study, leg training for a 3 month period caused an increase of the 
diameter of the common femoral artery, but did not change femoral artery blood flow or 
brachial artery diameter (27). In that study, intima media thickness decreased suggesting 
that outward remodeling occurred (27). Since baseline blood flow and baseline shear stress 
was unchanged (27), the diameter adaptation is possibly aimed at peak shear stress during 
exercise hyperemia, and not at baseline blood flow. Interestingly, Miyachi has demonstrated 
that the femoral artery cross-sectional area increase in response to exercise and the cross-
sectional area decrease in response to detraining both are strongly correlated to peak oxygen 
consumption during exercise (90). Again this suggests that conduit artery diameter is regulated 
in response to peak blood flow during exercise.
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Structural adaptation of resistance arteries to exercise in humans
Since resistance arteries largely determine blood flow, assessment with plethysmography of 
baseline and reactive hyperemic blood flow provides information on baseline and minimal 
arteriolar vascular tone. Baseline calf blood flow is similar in sedentary and endurance-
trained men (126). However, calf blood flow and conductance after ischemic exercise 
is approximately 25% higher in trained subjects (126). After 12 weeks of intensive swim 
training, hyperemic calf blood flow after ischemic exercise increased by 18%, in the absence 
of significant changes in resting blood flow (82). 
In the arms of tennis players, reactive hyperemic blood flow after ischemic exercise is 
42% higher in the dominant than in the non-dominant arm (124). Accordingly, 4 weeks of 
handgrip training increased reactive hyperemic blood flow by 30% (125), and decreased 
minimal vascular resistance by 21% (42). Kingwell demonstrated that 4 weeks of cycle 
training of the legs does not affect baseline forearm blood flow (65). However, 4 weeks of 
cycle training increases reactive hyperemic blood flow in the arm by 50% (122).
In conclusion, localized exercise training increases reactive hyperemic blood flow, and 
thus arteriolar capacitance in the arm and leg. In addition, leg training has similar effects in 
the arm vascular bed. However, overall resting blood flow is not affected by exercise.
Functional adaptation to exercise in humans
Endothelial function can be assessed at the level of conduit arteries by flow-mediated dilatation 
or at the level of the arterioles by acetylcholine infusion. Localized and systemic exercise 
improves endothelial function in subjects with endothelial dysfunction due to cardiovascular 
disease or risk factors for cardiovascular disease, such as smoking, hypercholesterolemia, 
hypertension, obesity, and type 2 diabetes (44, 80, 95). In all these conditions exercise does 
not change endothelium-independent dilatation, indicating that specific changes occur at 
the level of the endothelium. This improvement in endothelial function by exercise does not 
seem to be mediated by improvement of other cardiovascular risk factors (46). Furthermore, 
exercise training enhances baseline NO production in patients with hypercholesterolemia 
(77, 136) and chronic heart failure (50). 
Whether exercise improves endothelial function in healthy individuals is subject to 
discussion. The response to acetylcholine of the dominant arm of chronically trained tennis 
players, is not different from the response of the contralateral arm (43). In contrast, Kingwell 
demonstrated in another cross-sectional study that the response of forearm resistance arteries 
to acetylcholine was increased in athletes as compared with controls (66). However, this 
increased response could be largely explained by differences in plasma cholesterol. Localized 
handgrip training for a period of 4 weeks did not change acetylcholine induced vasodilatation 
in resistance arteries (42). Furthermore, four weeks of cycle training did not change the 
acetylcholine response in the arm (65). Older or middle-aged (50 to 76 years) men with a 
sedentary lifestyle have a lower maximal forearm blood flow in response to acetylcholine 
than age matched endurance-trained men. This difference in endothelium-dependent 
dilatation between sedentary and trained subjects was absent in younger men (age 22 to 35 
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years). Training of the older men caused an increase of endothelium-dependent dilatation to 
normal levels (26). In aged, sedentary subjects the decrease in flow-mediated dilatation of the 
brachial artery can be reversed by ascorbic acid infusion, implying a role for oxidative stress 
on NO availability in this group (34). In middle-aged subjects, 8 weeks of moderate intensity 
circuit training did not change the forearm acetylcholine response (79). A 10 week intensive 
training program, consisting of endurance training and upper body strength training, caused 
an increase in flow-mediated dilatation in young men (12). Recently, the effects of exercise 
on endothelial function have been reviewed in more detail (95). In summary, localized and 
systemic exercise improves stimulated endothelial function in the presence of endothelial 
dysfunction. The effect of exercise on stimulated endothelial function in healthy men is less 
clear, but systemic and high volume exercise is probably required to improve endothelial 
function in this group.
Baseline endothelial NO production is not different between the dominant and non-
dominant arm of tennis players (43). In addition, baseline NO production in the forearm 
is not different between endurance-trained athletes and sedentary controls (66). On the 
other hand, four weeks of cycle training increases baseline NO production in the arms (65). 
An explanation for these findings may be that in parallel with findings in animals, short-
term training improves endothelial function, whereas long-term training leads to structural 
adaptation and normalization of baseline NO production. Chronic training increases 
stimulated NO production in people with cardiovascular risk factors and intensive chronic 
exercise may increase stimulated NO production in healthy subjects.
 Endothelium-dependent dilatation of coronary and peripheral arteries is a predictor of 
cardiovascular events (70). Endothelium-dependent dilatation in peripheral and coronary 
arteries are closely related (1). Exercise training has systemic effects on the forearm arteries 
and probably also on the coronary level. Indeed, Hambrecht has shown that exercise 
can improve the acetylcholine response on the coronary level in humans (52). Therefore, 
improvement in endothelial function is probably one of the mechanisms of the beneficial 
effect of exercise on cardiovascular disease. In a provocative study, Hambrecht showed that 
regular physical exercise may be even superior to percutaneous angioplasty in patients with 
stable coronary artery disease (51).
III Outline of the thesis
Aim of the present studies
Although it is clear that physical inactivity is an important risk factor for cardiovascular disease, 
the underlying physiological mechanism of this increase in cardiovascular risk has not been 
elucidated. The effect of exercise on blood vessels has been studied quite extensively. Exercise 
has been shown to improve endothelial function and structure in both animals and humans 
(Table 1). However, far less is known about vascular adaptation to physical inactivity.
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Vascular adaptation to physical inactivity has been studied in several models of physical 
inactivity. Although these models provide important information, they each have their 
disadvantages. Head-down tilt bed rest, spaceflight and rat hindlimb unloading primarily 
study adaptation to microgravity exposure and are confounded by microgravity effects. 
Casting studies after limb fracture are confounded by hyperemia due to trauma. Spinal cord-
injured individuals also have denervation of their inactive legs. In addition, these models 
have provided information on changes in baseline flow and some information on structural 
changes in response to physical inactivity, but very little information on underlying functional 
changes. Based on the findings after exercise training endothelial NO production may be very 
important for vascular adaptation to physical inactivity.
Traditionally, the focus of studies of the vascular system is on the arterial system. Because 
the venous system is an important reservoir that determines cardiac preload and performance, 
venous adaptation to deconditioning was also studied. 
In Chapter 2 the reliability of venous occlusion strain gauge plethysmography measurements 
of baseline and reactive hyperemic blood flow in the thigh was assessed and compared to 
measurements in the arm and calf.
In Chapter 3 unilateral lower limb suspension is introduced as a model to study vascular 
adaptation to physical inactivity. This model is probably not confounded by microgravity 
effects. However, in this chapter a serious adverse effect of this model, deep venous 
thrombosis is reported and precautionary measures are proposed.
Chapter 4 deals with structural and functional vascular adaptation to 4 weeks of deconditioning 
by unilateral lower limb suspension. We used this model to address the hypothesis that leg 
blood flow, arterial diameter and endothelial function, as well as venous volume variation 
and venous compliance will decrease in response to deconditioning.  
Chapter 5 focuses on the effect of deconditioning on baseline endothelial NO production. 
The hypothesis was that the contribution of NO to baseline vascular tone is reduced in 
deconditioned skeletal muscle. Therefore, the purpose of this study was to assess the effect of 
extreme, long-term (SCI) and moderate, short-term (ULLS) deconditioning on the contribution 
of NO to baseline vascular tone in the human leg skeletal muscle vascular bed. In this chapter 
two human models of physical inactivity were used to compensate for shortcomings of the 
individual models.
In Chapter 6 vascular adaptation to horizontal bed rest deconditioning is studied. Horizontal 
bed rest is confounded in a lesser degree by microgravity effects than head-down tilt bed 
rest. The purpose of this study was to assess the effect of horizontal bed rest deconditioning 
on vascular dimension and on endothelial function of leg conduit arteries. A second purpose 
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of the study was to evaluate the effectiveness of exercise as a countermeasure for vascular 
adaptation to bed rest deconditioning.
In Chapter 7 venous adaptation to head-down tilt bed rest is studied. In order to differentiate 
between the effects of bed rest and the additional effect of head-down tilt, both the leg 
(above heart level) and the arm (heart level) were studied. The aim of this study was to assess 
changes in venous properties of the leg and arm before and after 18 days of strict head-down 
tilt bed rest in healthy subjects. Because venous characteristics determine cardiac preload 
and performance, they may play an important role in orthostatic intolerance after bed rest. 
Therefore, we hypothesized that there would be a direct, linear relationship between changes 
in venous vascular properties and changes in lower body negative pressure tolerance, a 
measure of orthostatic tolerance.
Models used in this thesis
In this thesis we have used horizontal and head-down tilt bed rest and spinal cord-injured 
individuals as models of physical inactivity. The specifics of these models and previously 
described vascular adaptations in these models are highlighted in the section on vascular 
adaptation in models of physical inactivity. In this thesis unilateral lower limb suspension is 
used for the first time to study vascular adaptation to physical inactivity and therefore will be 
described briefly. Furthermore, resistive vibration exercise was applied as countermeasure 
during bed rest deconditioning and will also be described shortly. 
Unilateral lower limb suspension
The model of Unilateral Lower Limb Suspension (ULLS) was developed to study muscle 
adaptation to unloading (3) and is based on the avoidance of all weight bearing of one 
leg, while the subject uses crutches for locomotion. The ULLS model induces evident 
deconditioning, such as muscle atrophy and a decrease in muscle strength (3, 28). In this 
thesis the ULLS model is used to study arterial and venous vascular adaptation to physical 
inactivity.
Resistive vibration exercise 
Resistive vibration exercise of the legs combines classical resistive exercise such as squatting, 
and heel and toe raises with vibration exercise. Resistive vibration exercise was performed with 
a device that was specifically manufactured for the Berlin Bed Rest study with modifications 
for the use during supine bed rest (Galileo Space, Novotec, Pforzheim, Germany). The 
footplate of the device vibrates. If combined with resistive exercise, the exercise related 
energy turnover is a function of vibration frequency, of vibration amplitude and of the load 
applied (109). Resistive vibration exercise has recently emerged as a training modality that 
increases oxygen uptake (110), leg blood flow (64), muscle strength (111, 135) and bone 
density (135). As such, we hypothesized that resistive vibration exercise would counteract the 
vascular changes induced by bed rest deconditioning. 
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Methods applied in this thesis
The most important measurement techniques used in this thesis are outlined concisely 
below.
Ultrasound measurements
Baseline red blood cell velocity and diameter of the common and superficial femoral artery 
were measured in the legs, using an echo Doppler device (Megas, ESAOTE Firenze, Italy) 
with a 5-7.5 MHz broadband linear array transducer (19, 20). For reactive hyperemia and 
endothelium-dependent dilatation (flow-mediated dilatation, FMD), a cuff was placed around 
the upper thigh. The cuff was inflated to a suprasystolic pressure to produce local ischemia. 
After cuff deflation, hyperemic flow velocity in the superficial femoral artery was recorded on 
videotape for the first 25 seconds, followed by a continuous registration of the vessel diameter 
for 5 minutes to determine FMD. After a resting period of at least 20 minutes to re-establish 
baseline conditions, nitroglycerin (0.4 mg) was administered sublingually. Nitroglycerin 
causes endothelium-independent vasodilatation, which is indicative for nitric oxide sensitivity 
and smooth muscle function. Vessel diameter was continuously recorded between 2 and 6 
minutes after nitroglycerin administration. The reproducibility for the resting measurements 
in the superficial femoral artery was reported previously as 1.5% for diameter, and 14% for 
blood flow. The reproducibility for the relative FMD changes was 15% (20).
The perfused upper leg model
The technique of leg blood flow measurements in combination with drug infusions into 
the femoral artery has been developed collectively by the department of physiology and 
pharmacology-toxicology (68). A cannula (Angiocath 16 gauge, Becton Dickinson, Sandy, 
Utah, USA) was introduced into the femoral artery of the leg using a modified Seldinger 
technique. The intra-arterial cannula was used for drug administration and for blood pressure 
measurement. In control subjects local anesthesia (4 ml lidocaine 20 mg·ml-1) was applied. 
Because of the lack of sensibility no anesthesia was used in SCI. 
Bilateral upper leg blood flow was measured by electrocardiography-triggered venous 
occlusion plethysmography using mercury-in-silastic strain gauges placed approximately 10 
cm proximal to the patella. The thigh cuffs were simultaneously inflated to 50 mmHg using 
a rapid cuff inflator (Hokanson E-20, D.E. Hokanson, Bellevue, Washington, USA) (48). Cuffs 
below the knee were inflated to suprasystolic levels (> 200 mmHg) in order to occlude the 
calf circulation. This way, the use of high doses of drugs, with subsequent systemic effects, 
could be avoided. To prevent discomfort, infusions were interrupted every ten minutes and 
the calf circulation was restored for 5 minutes.
Venous characteristics
Venous vascular characteristics of the calf were assessed with venous occlusion 
plethysmography. The venous volume variation (ml·dl-1) was defined as the maximal relative 
volume increase in a limb at a certain occlusion cuff pressure. The venous volume variation at 
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different cuff pressures represents the pressure-volume curve. Compliance (in ml·dl-1·mmHg-1) 
was defined as the tangent of the pressure-volume curve. 
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Abstract
Venous occlusion plethysmography is commonly used as a tool to assess blood flow (BF) and 
vascular resistance (VR) at baseline and during post-occlusive reactive hyperemia (PORH). 
However, little is known about the reproducibility of this method. The purpose of this study 
was to investigate short-term (hours) and medium-term (week) reproducibility of forearm, 
calf and thigh BF and VR at baseline and during PORH. Reproducibility was assessed by 
the coefficient of variation (CV). In eight subjects, baseline BF and VR of the forearm, calf, 
and thigh were measured, using venous occlusion plethysmography (50 mmHg). PORH and 
minimal VR were measured after 13 min of arterial occlusion (220 mmHg). Reproducibility 
of baseline forearm and calf BF was acceptable and in agreement with previous studies (CV: 
12.9-21.2%). Short- and medium-term reproducibility of thigh BF was good (CV: 5.9% and 
8.7%, respectively). Baseline VR showed acceptable to good reproducibility for forearm, calf, 
and thigh (8.3-22.5%). Forearm PORH showed a CV of 6.1% (short-term) and 8.6% (medium-
term), this was 6.1% (short-term) and 6.4% (medium-term) for the calf, and 6.4% (short-term) 
and 8.0% (medium-term) for the thigh. Minimal VR showed good to acceptable reproducibility 
(CV: 6.1-11.7%). In conclusion, forearm, calf and thigh BF and PORH measured by 
plethysmography has an acceptable to good short- and medium-term reproducibility. Short- 
and medium-term reproducibility of forearm and calf baseline BF are acceptable and thigh 
baseline BF has a good short- and medium-term reproducibility. Therefore, plethysmography 
is a suitable, low cost tool to assess thigh baseline BF and PORH. 
Introduction
Venous occlusion strain gauge plethysmography is a valuable, non-invasive, practical, and 
low cost tool to assess blood flow (BF) in forearm, calf, and thigh. A good reproducibility of a 
technique is a prerequisite for the interpretation of studies using these techniques, and even 
more so for studies with repeated measurements, such as training or intervention studies. 
Previous studies demonstrated a reasonable reproducibility of baseline calf and forearm 
blood flow (BF) for short-(hours) and medium-(week) term reproducibility (1, 8, 34, 45) (Table 
1). Since blood flow critically depends on arterial pressure, vascular resistance (VR) can 
provide more information than blood flow alone. Moreover, reproducibility of VR may be 
better, because the influence of day-to-day blood pressure changes is limited. Only one study 
(33) assessed reproducibility of forearm VR and found coefficients of variation (CV) of 27 and 
29% in right and left forearm, respectively.
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Table 1  Results of previous reproducibility studies: Coefficient of Variation (CV) for blood flow (BF) and the post-
occlusive reactive hyperemic (PORH) response in forearm and calf. 
                     CV of BF                CV of PORH
Reference Forearm Calf Forearm Calf
Engelke (8) 8.2* 9.8*
Altenkirch (1) 24.9* 12.5* 10.5* 7.1*
Roberts (34) 10.5† 11.5†
Walker (45) 16-19†
Petrie (33) 31-39†
Rubba (37) 17.2*
38.1†
19.9* 
23.2†
* represents short-term reproducibility (on one day). † represents medium-term reproducibility (between days-
weeks).
The thigh muscles represent a large part of the total muscle mass and thigh arterial blood 
flow is regularly investigated in training studies such as cycling, running or rowing. In most 
studies, not thigh but total leg blood flow is assessed by echo Doppler of the common femoral 
artery (11, 13, 15, 18, 25). Venous occlusion plethysmography, however, is a low cost and 
easy applicable tool to specifically assess baseline thigh BF (12, 19, 21, 22, 29). Despite the 
accuracy of strain gauge plethysmography to measure forearm and calf BF, the thigh represents 
a different vascular bed and no studies exists on the short- and medium-term reproducibility 
of plethysmography of the thigh.
Venous occlusion plethysmography can also be used to measure post-occlusive reactive 
hyperemia (PORH) (8, 14, 28, 36, 38). PORH refers to the phenomenon of increased BF that 
follows relief of ischemia and is a result of dilatation of resistance vessels. This vasodilatation 
has been attributed to myogenic relaxation of the vessels (40) and local release of mediators 
and metabolites such as adenosine (41), prostaglandins, and nitric oxide (6, 8). Measuring 
PORH is frequently used to evaluate structural changes in the circulation (20). In previous 
studies, mainly the short-term reproducibility (hours or 1 day) of the maximal BF was assessed. 
Short-term reproducibility was 7.1 - 19.9% for the calf (1, 37) and 8.2 - 24.9% for the forearm 
(1, 8) (Table 1). Despite the frequent use of forearm PORH to assess circulatory adaptations 
over time (3, 7, 27, 44), no data are published on the medium-term reproducibility of the 
forearm PORH. In addition, thigh PORH has not been investigated previously and data on 
calf PORH are very limited. Only one study assessed calf PORH and showed a poor medium-
term reproducibility of 23.3% (37).
Therefore, the purpose of this study was to assess short- and medium-term reproducibility 
of the baseline BF and PORH, as well as of the vascular resistance, in the thigh, forearm 
and calf in healthy young male individuals. Subjects were measured at day one (twice) and 
approximately seven days later.
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Materials and methods
Subjects
Eight healthy male subjects (age 26.6 ± 3.2 years, height 183 ± 4 cm, weight 83.6 ± 9.5 kg) 
volunteered to participate in this study. Each subject signed a written informed consent. The 
research has been carried out in accordance with the Declaration of Helsinki (2000) and the 
Ethics Committee of the Radboud University Nijmegen Medical Centre approved the study. 
Design
All subjects were tested on 2 separate days. On day 1, the protocol was performed twice 
with a time-interval of 3 h between both measurements to assess short-term reproducibility. 
Between the two measurements, subjects were allowed to walk and sit. The protocol was 
repeated 6-10 days later, to assess medium-term reproducibility.
Measurements 
Baseline blood flow and vascular resistance
Baseline skeletal muscle BF and VR were measured unilaterally (at the right side) for 5 min 
using venous occlusion plethysmography. The occlusion cuff was inflated, ECG-triggered and 
within one heartbeat, to a cuff pressure of 50 mmHg (12). This pressure was sustained for 9 
heartbeats after which the cuff was deflated instantaneously (for 10 heart beats).
Blood flow and vascular resistance after ischemia
After measurement of BF, PORH was assessed after 13 min of unilateral (right side) arterial 
occlusion with a suprasystolic cuff pressure of 220 mmHg. During the last minute of ischemia, 
a dynamic exercise (20-30 hand contractions during the forearm measurement and foot 
peddling during the thigh and calf experiments) was added to ensure maximal dilatation (30, 
31). The initial BF during PORH was obtained within 10 s of releasing the arterial occlusion 
cuffs and the highest flow of the subsequent QRS-triggered BF measurements was accepted 
as the maximal BF and the minimal VR. Maximal flow has previously been shown to occur 
within 30-45 s after cuff release (31).
Protocol
After a 12 h overnight fast, each experiment started at 8:30 AM. All subjects refrained from 
caffeine, nicotine, chocolate, vitamin C supplements, and alcohol for at least 18 h before the 
test. Room temperature was controlled at 22.5 ± 1 °C. After completing a health questionnaire, 
subjects were positioned comfortably on a bed in supine position with a slight elevation of 
the head. During an acclimatization period of at least 30 min supine rest, strain gauges and 
venous occlusion cuffs were positioned.
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Forearm position
The experiment started with a measurement of the forearm BF and reactive hyperemia (Figure 
1). The right arm was positioned approximately 5 cm above heart level. A standard blood 
pressure cuff (10 cm width) was placed around the right upper arm and was attached to a 
rapid cuff inflator (Hokanson, Inc, Bellevue, WA, USA). A mercury-in-silastic strain gauge 
(Hokanson, Inc, Bellevue, WA, USA) was placed at the widest girth of the forearm. The 
perpendicular distance to the elbow crease was registered and carefully controlled throughout 
the experiment. One minute before and during the measurement of the BF, the hand 
circulation was excluded by inflating a cuff (8 cm width) around the wrist to a suprasystolic 
pressure of 220 mmHg to minimize the contribution of hand skin blood flow (23). After BF 
assessment, a 5 min rest period followed in order to allow BF to return to baseline after wrist 
cuff release, prior to the start of the period of arterial occlusion.
Figure 1  Schematic presentation of measurement protocol. During ‘baseline’, baseline blood flow and vascular 
resistance are measured. During PORH (post-occlusive reactive hyperemia) the peak blood flow and minimal 
vascular resistance are assessed.
Thigh position
The experiment continued with registration of thigh baseline BF and PORH (Figure 1). A 12 
cm width cuff was placed proximally around the upper leg. Both legs were elevated and the 
lower legs rested on a platform 14 cm high. The strain gauges were placed at mid-thigh, at 
least 10 cm above the patella and at least 4 cm below the cuff to avoid displacement of the 
strain gauge during cuff inflation. The position of the strain gauge was carefully controlled 
during all three experiments. 
Calf position
After a resting period of 30 min in order to restore leg BF to baseline level, the protocol was 
concluded with the measurements of calf baseline BF and PORH (Figure 1). Both heels rested 
on a 20 cm high platform. The legs were supported at the level of the lateral thigh in order to 
relax the calf muscles. The strain gauges were applied to the widest girth of the right calf. This 
position was marked and was kept constant throughout the experiments.
Before each BF and prior to cessation of the arterial occlusion cuff, blood pressure was 
measured twice at the left brachial artery using the standard auscultatory method. During 
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testing, arterial blood pressure was measured continuously by a portable blood pressure 
device (Finapres; TNO, Amsterdam, The Netherlands) that was connected to the middle 
phalanx of the index or middle finger of the left hand. An electric thermometer (Genius®, 
Kendall Company, Mansfield, MA, USA) was used to measure surface skin temperature. 
Temperature was measured before each BF measurement at the forearm flexor muscles, the 
medial head of the quadriceps muscle, and at the lateral gastrocnemius muscle.
Data analysis
Data were digitalized with a sample frequency of 100 Hz (MIDAC, Instrumentation Department, 
Radboud University Nijmegen Medical Centre, The Netherlands) and analyzed by a customized 
computer program (Matlab, Mathworks Inc., USA). Arterial BF (in ml·min-1·dl-1) was calculated 
from the slope of the volume change over a 4 s interval. To avoid measuring during an artefact, 
the initial 2 s of the slopes in the thigh and 1 s in the forearm and calf measurements were 
excluded from analysis. Registrations with movement artefacts were excluded. The number of 
slopes was, depending on the heart rate and exclusion of registrations with artefacts, between 
10 and 15 per measurement. Baseline VR was calculated as mean arterial pressure (MAP; in 
mmHg) divided by the relative arterial BF (in ml·min-1·dl-1) and expressed in arbitrary units of 
resistance (AU). Finapres and auscultatory blood pressure MAP values were used to calculate 
VR. Reproducibility of the VR was calculated for both methods. The PORH (in ml·min-1·dl-1) 
was calculated from the slope of the volume change over a 1 s interval. To obtain the most 
accurate value, assessment started after the cuff inflation artefact (after 1.5 s in the thigh 
and after 0.5 s in the forearm and calf). The highest BF after release of arterial occlusion 
was accepted as the PORH, representing the maximal BF. Minimal VR after ischemia was 
calculated from the highest blood flow and the corresponding MAP. 
Statistical analysis
Short-term (3 hours) and medium-term reproducibility (7 days) of the baseline BF and VR and 
PORH were assessed by calculating the coefficient of variance (CV) from two measurements. 
Previous to calculation of the CV, a natural logarithmic transformation was applied to correct 
for heteroscedasticity of the data. The CV was calculated following the classical approach 
based on the pooled SD, as described previously (32). Briefly, the root mean square of the 
error term (square root of the error term of the adjusted mean squares) of an Analysis of 
Variance is used to calculate the pooled variance (SPSS Inc., Chicago, Illinois, USA). After 
log transformation, the CV can be calculated by taking the square root of the exponent of 
the pooled variation minus 1, times 100 (√(exp(var)-1) x 100). In addition, a 95%-confidence 
interval was calculated of the CV, based on the variation of the logarithmic transformed data 
and the chi square distribution (√(exp(df x variation/chi square distribution)-1) x 100) (26). In 
addition, forearm, calf, and thigh baseline BF was represented in Bland-Altman plots to show 
the distribution of the individual data. A paired Students’ t-test was used to assess changes in 
surface skin temperature. Data are presented as means ± SD. For biological variables, a CV of 
<10% is considered good and <20% acceptable (39). 
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Results
Skin temperature was constant over all experiments except for a significantly higher forearm 
surface skin temperature during the second test on the first day (25.3 ± 0.5 ºC) compared with 
the first test (24.6 ± 0.4 ºC, P= 0.03).
Forearm
Short- and medium-term reproducibility of baseline forearm BF and baseline and minimal VR 
are represented in Table 2. Baseline BF is also represented in a Bland-Altman plot in Figure 2. 
Maximal forearm BF during PORH showed a reproducibility of 6.1% (short-term) and 8.6% 
(medium-term). Using the two highest BF values instead of the single highest value resulted 
in a CV of forearm PORH of 8.1% and 6.6% for short- and medium-term reproducibility, 
respectively.
Calf
Coefficients of variation for baseline calf BF and baseline and minimal VR reproducibility are 
shown in Table 2. Baseline BF is also represented in a Bland-Altman plot in Figure 2. Short- 
and medium-term reproducibility for calf BF during PORH showed CVs of 6.1% and 6.4%, 
respectively. Calf short- and medium-term reproducibility of PORH using the 2 highest values 
resulted in CVs of 7.4% and 7.3%, respectively.
Thigh
Table 2 shows the CVs for baseline thigh BF and baseline and minimal thigh VR for short- and 
medium-term reproducibility. Baseline BF is also represented in a Bland-Altman plot in Figure 
2. Thigh BF during PORH showed a CV of 6.4% for short-term and 8.0% for medium-term 
reproducibility and 6.7% and 10.6% respectively using the two highest values. 
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Table 2  Reproducibility of forearm, calf, and thigh baseline and maximal blood flow (ml·min-1·dl-1) and baseline and 
minimal vascular resistance (AU: arbitrary units) (n=8). 
                            Trial               CV (95% CI)
First Second Third Short-term Medium-term
FOREARM
Baseline BF (ml·min-1·dl-1) 1.6 ± 0.4 1.6 ± 0.4 1.7 ± 0.4 16.9%
(10.6-30.7)
21.2%
(13.1-38.2)
Baseline VR Finap. (AU) 63 ± 25 63 ± 15 56 ± 21 23.2%
(14.2-41.6)
29.7%
(17.7-53.1)
Baseline VR ausc. (AU) 62 ± 16 64 ± 15 56 ± 17 18.0%
(11.2-32.5)
22.5%
(13.8-40.4)
PORH  BF (ml·min-1·dl-1) 30 ± 6 31 ± 6 31 ± 5 6.1%
(4.0-11.3)
8.6%
(5.6-15.9)
PORH VR Finap.  (AU) 3.3 ± 0.9 3.5 ± 1.1 3.2 ± 0.5 12.2%
(7.8-22.4)
14.7%
(9.3-26.8)
PORH VR ausc. (AU) 3.2 ± 0.8 3.3 ± 0.8 3.0 ± 0.5 7.9%
(5.2-14.7)
8.5%
(5.5-15.7)
CALF 
Baseline BF (ml·min-1·dl-1) 1.6 ± 0.5 1.4 ± 0.3 1.5 ± 0.3 14.0%
(8.8-25.4)
12.9%
(8.2-23.6)
Baseline VR Finap. (AU) 62 ± 17 75 ± 16 68 ± 14 24.2%
(14.8-43.4)
16.9%
(10.6-30.6)
Baseline VR ausc. (AU) 61 ± 17 73 ± 14 66 ± 14 17.3%
(10.8-31.2)
15.7%
(9.9-28.6)
PORH  BF (ml·min-1·dl-1) 31 ± 5 31 ± 5 31 ± 5 6.1%
(4.0-11.3)
6.4%
(4.2-11.9)
PORH VR Finap. (AU) 3.3 ± 0.9 3.3 ± 0.8 3.4 ± 0.8 17.0%
(10.7-30.8)
15.8%
(9.9-28.6)
PORH VR ausc. (AU) 3.2 ± 0.6 3.3 ± 0.6 3.3 ± 0.6 6.1%
(4.0-11.4)
6.8%
(4.5-12.7)
THIGH
Baseline BF (ml·min-1·dl-1) 2.9 ± 1.1 2.9 ± 1.1 3.0 ± 1.3 5.9%
(3.9-11.0)
8.7% 
(5.6-16.0)
Baseline VR Finap. (AU) 37 ± 13 37 ± 11 38 ± 14 11.9%
(7.6-21.8)
14.6%
(9.2-26.5)
Baseline VR ausc. (AU) 35 ± 12 36 ± 10 36 ± 13 8.3%
(5.4-15.3)
9.7%
(6.2-17.8)
PORH  BF (ml·min-1·dl-1) 25 ± 6 26 ± 8 25 ± 8 6.4%
(4.2-11.9)
8.0%
(5.2-14.7)
PORH VR Finap. (AU) 4.0 ± 1.3 4.0 ± 1.2 4.0 ± 1.5 10.6%
(6.8-19.5)
18.0%
(11.2-32.4)
PORH VR ausc. (AU) 4.1 ± 1.1 4.2 ± 1.4 4.2 ± 1.7 7.9%
(5.2-14.7)
11.7%
(7.5-21.5)
Means ± SD and coefficient of variation (CV) with 95% confidence intervals (95% CI, below) are presented. The 
dark gray accentuated cells represent a good reproducibility (CV <10%), light gray cells represent an acceptable 
reproducibility (CV<20%), and the non-accentuated cells represent a poor reproducibility (CV>20%).
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Figure 2  Relative difference (%) between responses for short-term (closed circles) and medium-term (open circles) 
plotted against mean response for each individual subject for baseline blood flow (BF) in forearm (A), calf (B), and 
thigh (C).
Discussion  
The major novel findings in this study are the following. Thigh baseline BF has a good short- 
and medium-term reproducibility. In addition, this study shows good short- and medium-
term reproducibility for PORH of the forearm, calf and thigh. Furthermore, reproducibility 
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of baseline and post-ischemic VR were assessed and demonstrated to be acceptable to good 
when auscultatory MAP values were used. 
Absolute values for baseline and peak calf and forearm BF obtained in this study are in 
agreement with those reported in the literature using similar measuring techniques (1, 4, 8, 
16, 37). In addition, our values for baseline and post-ischemic thigh BF are in the same range 
as the results presented in previous studies (12, 22, 29). Values obtained in our study on short- 
and medium-term reproducibility for baseline forearm (16.9 and 21.2%, respectively) and 
calf BF (14.0 and 12.9%, respectively) correspond with those from previous studies (Table 
1). Previous studies usually assessed total leg blood flow by echo Doppler measurement of 
the common femoral artery and not thigh blood flow. Venous occlusion plethysmography 
specifically assesses blood flow in the thigh, but is used less often. However, this study is the 
first to demonstrate a good reproducibility and may serve to advocate a more widespread 
use of plethysmography of the thigh. The small internal and biological variation of thigh flow 
indicates that plethysmography is a suitable and accurate method to measure baseline thigh 
BF and to assess alterations in thigh BF over time. Therefore, measuring thigh BF is a suitable 
method to assess vascular adaptations over time to large muscle exercise (cycling or running) 
or deconditioning. However, it has to be kept in mind that arterial infusion in the thigh is 
more complex than in the forearm. Therefore, measuring forearm BF is more feasible for intra-
arterial infusion of drugs in pharmacological studies. In addition, although reproducibility of 
thigh baseline BF seems to be better compared with forearm BF, from analysis of the 95% 
confidence intervals this cannot be demonstrated. Based on these arguments, we believe 
that the choice of the thigh or forearm model depends on the question of interest and not on 
the reproducibility of the method itself, since the reproducibility of both methods is at least 
acceptable.
In the present study, reproducibility of the baseline and minimal VR of the calf and thigh 
were assessed for the first time, and an acceptable to good reproducibility was demonstrated. 
In contrast with a previous study (33), no difference between forearm VR and forearm BF 
was found. In addition, since lower CVs and smaller 95% confidence intervals were found 
for VR measured with auscultatory MAP, auscultatory MAP may be preferred over Finapres 
MAP. However, this trend cannot be statistically validated in this study. This small, however 
not significant, difference may be explained by the working mechanism of the Finapres. An 
important limitation of Finapres is the incapability to assess absolute blood pressure levels 
(17, 35). In the early reports on Finapres, which demonstrated a good reproducibility even 
for absolute blood pressure values, Finapres was calibrated to an intra-arterial blood pressure 
signal (9, 10). This calibration is rarely performed in later studies. In addition, comparing the 
95% confidence intervals, reproducibility of VR may be slightly better using auscultatory MAP 
than using Finapres MAP. However, both methods do not significantly differ and therefore 
both methods can be used to calculate VR. 
The 95% confidence intervals of the CVs for all sites overlapped. Nevertheless, the 95% 
confidence interval of the CV of the baseline forearm and calf BF was larger compared to 
thigh BF. This variation may be caused by several mechanisms. First, a change in sympathetic 
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tone may cause a variation of baseline forearm BF. However, an equal heart rate between 
measurements and lack of correlation between heart rate and forearm BF (r=0.03, P=0.89) 
suggest that the sympathetic system did not have a major influence on BF. Second, differences 
in surface skin temperature and concomitant changes in skin blood flow may explain these 
results. Obviously, the ratio skin/muscle of the forearm is different compared to the thigh, 
which makes the forearm more sensitive to the influence of temperature differences. In our 
experiment, forearm skin surface temperature was higher during the second test compared 
with the first test. However, no significant correlation between increase in skin temperature 
and increase in baseline forearm BF was found (r = -0.29, P=0.28). Therefore, we suggest 
variations in forearm skin temperature and skin blood flow changes have only minimally 
influenced forearm baseline BF. Third, variation in baseline forearm BF could be attributed 
to variations in the circulation of the hand. However, this circulatory bed was excluded by 
inflating a wrist cuff to suprasystolic pressure (23). In conclusion the variations in BF can only 
be attributed to variations in blood flow itself or in venous plethysmography assessment.
The short- and medium-term reproducibility of thigh PORH have not been studied 
previously. This study shows that the reproducibility for this method is good, which implicates 
that venous occlusion plethysmography is a suitable and accurate method to assess structural 
vascular function over a longer time period in the thigh vascular system. Forearm PORH 
short-term reproducibility in this study shows comparable results to previous studies (1, 
8). However, medium-term reproducibility of this frequently used method has never been 
investigated before. This study demonstrates that the medium-term reproducibility of the 
maximal forearm BF is good and can be applied in future studies. For calf PORH, this study 
found a good short- and medium-term reproducibility (6.1% and 6.4%, respectively). Previous 
studies showed conflicting results regarding short-term reproducibility, ranging from a CV 
of 7.1% (1) to 19.9% (37). The marked differences between our results and these previous 
studies may be explained by several precautions. First, in our experiment, positioning of the 
cuff, strain gauge, and assessed limb were registered, repeated, and controlled throughout 
the whole experiment (29). Second, the same strain gauges were applied for each test and 
conditions during the test were kept constant. Third, based on the physiological diurnal 
rhythm, all measurements were performed in the morning. Fourth, because a relationship 
between smoking (2, 24), food intake (43), and coffee (5, 42) and changes in basal BF and 
PORH has been proven, all subjects refrained from any food at least 9 hours before the start 
of the experiment and did not drink coffee, tea or alcohol 18 hours before the test. All the 
aforementioned precautions have certainly added to the reproducibility levels achieved in the 
present study and are important to bear in mind for future studies.
Reproducibility of the post-ischemic minimal VR was acceptable to good when VR was 
calculated with auscultatory MAP values. The use of Finapres MAP values resulted in a 
non-significant trend towards slightly higher CVs with concomitant larger 95% confidence 
intervals. PORH is regarded as the maximal dilating response of the peripheral vascular system 
and reflects a structural property and is therefore minimally influenced by other regulating 
factors. This may explain the better reproducibility of PORH compared to baseline BF. We 
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wondered if using the two highest BF values would further improve the reproducibility of 
PORH. However, using the two highest BF values, short- and medium-term CVs for forearm, 
calf, and thigh did not significantly improve. 
In conclusion, forearm, calf and thigh BF, VR, and PORH measured by plethysmography 
has an acceptable to good short- and medium-term reproducibility. Short- and medium-term 
reproducibility of forearm and calf baseline BF are acceptable, and thigh baseline BF has a 
good short- and medium-term reproducibility. Therefore, plethysmography is a suitable, low 
cost tool to assess thigh baseline BF and PORH and can be used in training or inactivation 
studies of leg muscles.
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To the Editor:
We would like to bring to your attention and to the attention of the scientific community 
that unilateral lower limb suspension (ULLS), a model for physical inactivity and simulating 
microgravity unloading in humans, is associated with an increased risk of deep venous 
thrombosis (DVT). In the ULLS model, which was originally developed by Berg, subjects use 
crutches for support while one leg is unloaded from weight bearing (2). The ULLS model has 
been used extensively to study neuromuscular adaptations to unloading and microgravity. 
Recently Deschenes et al. (5) published a study in this journal, in which they used a modified 
version of the ULLS model.
When we started our studies, we were unaware of any serious side effects associated with 
the ULLS model and adopted this model to study vascular adaptations to physical inactivity. 
However, one of the 8 subjects who participated in our 28-day ULLS study developed, after 
10 days of ULLS, a proximal DVT of the suspended leg, extending 10 cm proximal of the 
popliteal fossa. A pubmed search for “lower limb suspension” and “venous thrombosis” 
did not reveal any previous cases of thrombosis using this model. However, after carefully 
rereading all the published articles using this model, we identified two prior cases of venous 
thrombosis in male subjects; one case of DVT and one case of superficial thrombosis (3, 6). 
Since these side effects were only described briefly in the method section of both articles, they 
can easily be overlooked. To our knowledge 110 subjects, so far, participated in studies using 
the ULLS model, and three of those subjects developed venous thrombosis. Although these 
numbers are too small to accurately identify the risk of thrombosis during ULLS, this risk may 
be as high as 2.7%, which is substantially higher than in the general population (incidence of 
DVT 0.01-0.03% per year (9)). 
The ULLS model has evolved to several versions and the risk of developing DVT may be 
different among these versions. We used a model very similar to the original description by 
Berg (2). The leg was suspended by attachment of a sling to a non-rigid ankle brace and to 
a harness on the upper body. The knee was slightly flexed at an angle of approximately 130 
degrees and the ankle was at a resting position (5-15 degrees plantar flexion) and fully mobile. 
Both previous cases of thrombosis occurred in subjects using a similar model, with the addition 
of 5 cm elevation of the contra-lateral sole. In another version of ULLS, the contra-lateral foot 
is 10 cm elevated without ankle suspension and the knee is not flexed. Since in most studies 
there are variations in the ULLS model and in the additional precautionary measures, the 
number of subjects exposed to each specific version is small. Consequently, it is not possible 
to make a reliable assessment of the risk of the development of DVT for each version. 
To our knowledge, no cases of deep venous thrombosis have been reported during a bed 
rest study or during spaceflight. The number of people exposed to microgravity is too limited 
to make a reliable assessment of the risk of DVT. However, the incidence of DVT seems to be 
greater during ULLS than during spaceflight and bed rest. This may be in part due to a stricter 
screening and subject selection and/or to higher calf muscle activity in spaceflight and bed rest 
studies. Furthermore, in contrast to microgravity, during ULLS gravity will lead to pooling of 
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blood in the legs and this may affect DVT susceptibility. If during ULLS vascular complications 
occur more often than during microgravity, this may indicate that the simulation of vascular 
effects of microgravity, in particular in the venous system, is not completely accurate. 
However, the ULLS model has been shown to cause neuromuscular changes very similar to 
those observed during spaceflight and bed rest (12). Furthermore, this does not decrease the 
validity of ULLS as a model for vascular adaptations to physical inactivity, because physical 
inactivity is a well-known risk factor for deep venous thrombosis. For instance in the Sirius 
study the odds ratio for the development of venous thrombosis due to confinement to bed or 
to bed and arm chair was 5.61 (95% confidence interval: 2.30–13.67) (10).
The subject who developed DVT in our study was a 27-year-old female. She has 
been treated with oral anticoagulation for three months and has been prescribed elastic 
compression stockings. She has improved markedly but, six months after the event, she is 
still not completely free of symptoms. To prevent DVT in future studies we have implemented 
several precautions. The affected subject used a third generation oral contraceptive, and 
therefore had a higher risk of developing thrombosis. She did not have inherited risk factors 
for thrombosis. We now exclude subjects with an inherited or acquired increased risk for 
venous thrombosis from our studies. Subjects have to wear elastic compression stockings 
on the suspended leg during ULLS, because there is evidence that compression stockings 
prevent DVT (1). Subjects are recommended to engage in passive, range of motion, non-
weight-bearing exercises of the ankle and knee twice a day, similar exercises have been used 
in previous studies (5, 11). Furthermore, we measure D-dimer plasma concentrations serially 
to detect thrombosis in an early, sub-clinical phase. If D-dimer is positive or symptoms arise, 
venous compression ultrasound is performed. D-dimer plasma concentrations, measured with 
a quantative latex method (Tinaquant), have a high sensitivity of 99-100% for the detection 
of thrombosis (7, 13). Screening for sub-clinical DVT with plasma D-dimer concentrations is 
not common clinical practice, but there is evidence that it may be beneficial (8). Although 
anticoagulants like low-molecular-weight heparin or warfarin were used as a preventive 
measure in other studies (3, 6), we do not use anticoagulants in our study because of the 
substantial risk of bleeding complications, i.e., 3% major bleeding complications per year in 
low risk subjects (4).
We conclude that during ULLS precautionary measures should be taken to prevent venous 
thromboembolism.
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Abstract
Physical inactivity or deconditioning is an independent risk factor for atherosclerosis and 
cardiovascular disease. In contrast to exercise, the vascular changes that occur as a result 
of deconditioning have not been characterized. We used 4 weeks of Unilateral Lower Limb 
Suspension (ULLS) to study arterial and venous adaptations to deconditioning. In contrast to 
previous studies, this model is not confounded by denervation or microgravity. Seven healthy 
subjects participated in the study. Arterial and venous characteristics of the legs were assessed 
by echo Doppler ultrasound and venous occlusion plethysmography. The diameter of the 
common and superficial femoral artery decreased by 12% after 4 weeks of ULLS. Baseline 
calf blood flow, as measured by plethysmography, decreased from 2.1 ± 0.2 to 1.6 ± 0.2 
ml·min-1·dl-1 tissue. Both arterial diameter and calf blood flow returned to baseline values after 
4 weeks of recovery. There was no indication of a decrease in flow-mediated dilatation of the 
superficial femoral artery after ULLS deconditioning. This means that functional adaptations 
to inactivity are not simply the inverse of adaptations to exercise. The venous pressure-volume 
curve is shifted downward after ULLS, without any effect on compliance. In conclusion, 
deconditioning by 4 weeks of ULLS causes significant changes in both the arterial and the 
venous system.
Introduction
Several epidemiological studies have demonstrated that a sedentary lifestyle is an independent 
risk factor for atherosclerosis and cardiovascular disease (3, 36). Physical exercise prevents 
cardiovascular disease (3), and the effect of training on vascular dimensions (16, 26) and 
endothelial function (32) has been studied extensively. However, the changes in vascular 
dimension and blood flow that occur as a result of physical inactivity are not clearly 
characterized. Bed rest studies, using plethysmography (6, 12, 27, 29, 37) or echo Doppler 
ultrasound (42) to measure leg blood flow, report conflicting results with some studies 
showing no changes in leg blood flow and other studies reporting a decrease in leg blood 
flow after periods of bed rest varying from 10 – 41 days. Moreover, vascular changes during 
bed rest are not necessarily the result of physical inactivity but may be seriously confounded 
by microgravity.
Improvement in endothelial function may be the key to the beneficial effect of exercise 
on the risk for cardiovascular disease. Studies in healthy subjects (10, 23) have demonstrated 
that exercise training enhances endothelium-dependent vasodilatation. Endothelial function, 
as assessed with flow-mediated dilatation (FMD), is reduced in sedentary subjects compared 
with active controls (15). However, these differences may be due to upregulation of FMD 
during exercise rather than downregulation of FMD by physical inactivity. In addition, two 
recent studies suggest that deconditioning may not cause a decrease in arterial endothelial 
function (7, 14). 
60 Chapter 4 Unilateral limb suspension and vascular deconditioning  61
Physical inactivity may affect both the arterial and venous vascular system. Deconditioning by 
aging (35) or paralysis due to spinal cord injury (25, 46) causes a decrease in venous compliance 
and capacitance. Studies of venous vascular properties in the leg after deconditioning by bed 
rest or spaceflight show conflicting results, with studies reporting an increase, a decrease, 
or no change in leg compliance. However, all these studies investigated changes in venous 
characteristics in models that represent physical inactivity plus confounders, e.g. microgravity, 
denervation, or aging.
The model of Unilateral Lower Limb Suspension (ULLS) was developed to study muscle 
adaptation to unloading (1) and is based on the avoidance of all weight bearing of one 
leg, while the subject uses crutches for locomotion. The ULLS model induces evident 
deconditioning, such as muscle atrophy and a decrease in muscle strength (1, 17).
We have specifically chosen for Unilateral Lower Limb Suspension to study arterial and 
venous vascular adaptations to physical inactivity, because this model is not confounded by 
denervation or microgravity. We used this model to address the hypothesis that leg blood flow, 
arterial diameter and endothelial function, as well as venous volume variation and venous 
compliance will decrease in response to deconditioning.
Methods
Subjects
Originally 8 subjects participated in the study. One subject developed a deep venous 
thrombosis of the suspended leg during ULLS and was excluded from the study. Therefore, the 
reported data are based on seven healthy subjects, 3 men and 4 women, aged 24 ± 2 years. 
All subjects were screened with a medical history and physical examination and did not have 
any medical problems. Exclusion criteria were smoking, recent bone fractures of the limbs, 
and cardiovascular medication. None of the subjects were endurance-trained and subjects 
were excluded if they exercised more than five hours per week. Subject characteristics are 
summarized in Table 1. All subjects gave their written informed consent. The Ethics Committee 
of the Radboud University Nijmegen Medical Centre approved the study. 
Table 1  Subject characteristics.
Mean ± SEM Range
Age, years 24  ±  2 19  –  35
Body mass, kg 71.8  ±  4.6 57  –  88
Height, cm 180  ±  3 167  –  188
Exercise, hours·week-1 2.1  ±  0.7 0  –  5
Blood pressure, mmHg
 Systolic 114  ±  2 106  –  123
 Diastolic 71  ±  2 64  –  79
Heart rate, beats·min-1 62  ±  3 54  –  72
Data are represented as means ± SEM.
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Procedures
All subjects were measured 4 times: before ULLS (Pre-ULLS), after 2 and 4 weeks of ULLS 
(2wk-ULLS and 4wk-ULLS, respectively), and after 4 weeks of recovery (Recovery). During 
the 4 weeks of the recovery period mild exercises were performed. 
ULLS protocol
We used a ULLS model very similar to the original description by Berg (1). The right leg 
was suspended by attachment of a sling to a non-rigid ankle brace and to a harness on the 
upper body and unloaded from all weight bearing. The knee was slightly flexed at an angle 
of approximately 130 degrees. Hip, knee and ankle were fully mobile. Sole elevation of the 
contra-lateral foot was not used, because it produced instability of the left leg. The harness 
was used during all locomotor activity, and the subjects used crutches for walking. Detailed 
instructions for daily activities were provided to minimize muscle activity of the suspended 
leg. To monitor compliance, the subjects kept a diary and they were interviewed weekly 
about their activities, and leg skin temperature was measured.
Training protocol during recovery period
After cessation of the ULLS period, subjects were instructed to climb stairs up and down 
and make squats and heel raises with the right leg every day. This 20-minute protocol was 
developed to train the quadriceps and gastrocnemius muscle of the right leg. The subjects 
were instructed to use an intensity of exercise that resulted in dyspnoea.
Measurements
Measurements were performed in the morning after an overnight fast. All subjects refrained 
from caffeine, alcohol, and vitamin C supplements for 24 hours and did not perform heavy 
exercise for 48 hours before testing. Room temperature was controlled at 23-24°C. For all 
measurements except strength assessment, subjects were positioned comfortably on a bed in 
supine position with a slight elevation of the head. In order to test the effectiveness of ULLS to 
cause deconditioning, skin temperature, calf circumference, and quadriceps muscle strength 
were measured. Strength testing was scheduled after the blood flow measurements. Blood 
flow measurements were performed after an acclimatization period of at least 30 minutes. 
Baseline blood flow and venous compliance of both legs was measured by venous occlusion 
plethysmography. Diameter and blood flow of the common and superficial femoral artery 
(CFA and SFA, respectively) in both legs was measured by echo Doppler ultrasound. Flow-
mediated dilatation was measured in the SFA of the right (suspended) leg at all 4 time-points, 
whereas endothelium-independent dilatation by nitroglycerin was measured Pre-ULLS and 
at 4wk-ULLS. 
Strength measurement
Maximum voluntary contraction (Newton) of the quadriceps muscle of both legs was assessed 
with an isometric quadriceps dynamometer (19). The hips and knees were positioned at 
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90º and 60º of flexion. The highest obtained result of three consecutive measurements 
represented the maximum voluntary contraction. In a pilot study in 5 subjects this method 
had an acceptable reproducibility with a coefficient of variance of 10.2%.
Skin temperature
Skin temperature was measured at the medial head of the quadriceps muscle, and at the lateral 
gastrocnemius muscle, using an electric thermometer (Genius®, Kendall Company, Mansfield, 
MA, USA). Temperature data at 4wk-ULLS are from 6 subjects, because of moderate sunburn 
at the measurement sites in one subject.
Calf circumference measurement
Maximal calf circumference was measured pre-ULLS. At 2wk-ULLS, 4wk-ULLS and Recovery, 
calf circumference was measured at the exact same position. 
Blood viscosity measurement
Blood viscosity was measured at pre-ULLS and 4wk-ULLS with a rotational viscometer (Emilia 
Rheometer, Reciproctor, Denmark) as described previously (8). Data are of 6 subjects due to 
missing data of one subject.
Ultrasound measurements
Resting red blood cell velocity and diameter of the CFA and SFA were measured in both legs, 
using an echo Doppler device (Megas, ESAOTE, Firenze, Italy) with a 5-7.5 MHz broadband 
linear array transducer (13, 14). 
For reactive hyperemia and FMD, a cuff was placed around the right upper thigh. The 
cuff was inflated to a suprasystolic pressure of 220 mmHg for 12 minutes. During the last 
2 minutes of ischemia, a dynamic exercise (foot peddling) was added to produce maximal 
ischemia. After cuff deflation, hyperemic flow velocity in the SFA was recorded on videotape 
for the first 25 seconds, followed by a continuous registration of the vessel diameter for 5 
minutes to determine FMD. After a resting period of at least 20 minutes to re-establish baseline 
conditions, nitroglycerin (0.4 mg) was administered sublingually in the Pre-ULLS and 4wk-
ULLS tests. Nitroglycerin causes endothelium-independent vasodilatation, which is indicative 
for nitric oxide sensitivity and smooth muscle function. Vessel diameter was continuously 
recorded between 2 and 6 minutes after nitroglycerin administration. We reported the 
reproducibility for the resting measurements in the SFA previously as 1.5% for diameter, and 
14% for blood flow. The reproducibility for the relative FMD changes was 15% (14). 
Plethysmography measurements
Baseline skeletal muscle blood flow of the calf was measured bilaterally during 5 minutes by 
electrocardiography-triggered venous occlusion plethysmography using mercury-in-silastic 
strain gauges. Both heels rested on a 20 cm high platform and legs were supported at the 
level of the lateral thigh in order to relax the calf muscles. The strain gauges were applied to 
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the widest girth of the calf. The position of the strain gauges was carefully controlled during 
all experiments. The cuffs were simultaneously inflated to 50 mmHg (20) during 8 heart 
cycles, with a 10 heart cycles interval between the venous occlusions. Before calf blood 
flow measurement, blood pressure was measured twice at the left brachial artery using the 
standard auscultatory method.
Venous characteristics
Venous vascular characteristics of the right and left calf were assessed with venous occlusion 
plethysmography. Instrumentation was similar to calf blood flow measurement. The testing 
procedure started with a venous occlusion of 20 mmHg, followed by subsequent venous 
occlusion cuff pressures of 40, 60, and 80 mmHg. The effective cuff pressure on the venous 
system was estimated as 0.8 times the cuff pressure (9). The occlusions at 20, 40, 60, and 80 
mmHg were sustained for respectively 2, 3, 4, and 5 minutes. A one-minute break between 
the occlusions allowed for new baseline formation and prevented excessive edema. This 
protocol was designed with relatively short venous occlusions to emphasize assessment of the 
venous contribution to compliance rather than capillary filtration, and is a slightly adapted 
version from previously reported protocols (4, 45). 
Data analysis
Ultrasound
For resting diameter measurements, two consecutive longitudinal vessel images were 
analyzed at the peak systolic and end-diastolic phase. Mean diameter was calculated as 1/3 · 
systolic diameter + 2/3 · diastolic diameter. The average of 10-12 Doppler spectra waveforms 
was used to calculate mean blood velocity. Mean blood flow (ml·min-1) was calculated as 1⁄4 
· π · (mean diameter)2 · mean velocity (cm·s-1) · 60; peak blood flow (ml·min-1) was calculated 
as 1⁄4 · π · (systolic diameter)2 · peak velocity (cm·s-1) · 60, regional peak wall shear rate (PWSR) 
was calculated as 4 · peak velocity / systolic diameter (s–1) and mean wall shear rate (MWSR) 
was calculated as 4 · mean velocity / mean diameter (s–1). 
Delta flow, delta PWSR and delta MWSR were defined as the differences between rest 
and hyperemic responses. Vessel diameters after reactive hyperemia were measured off-line 
from videotape at 50, 60, 70, 90, 120, 180, and 240 seconds after cuff release and at 2, 3, 
3.5, 4, and 5 minutes after nitroglycerin administration. FMD and endothelium-independent 
vasodilatation were expressed as the maximal relative diameter change from baseline of 
the end-diastolic diameter. The ratio between the maximal endothelium-dependent and 
endothelium-independent vasodilatation was expressed as FMD / NMD. Since the FMD 
response is directly proportional to the magnitude of the stimulus (28), the FMD response was 
also expressed relative to the delta shear rate. The following ratios were calculated: FMD / 
delta MWSR and FMD / delta PWSR. Ultrasound analysis has been described in more detail 
previously (14).
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Venous occlusion plethysmography
Data for arterial blood flow calculation were digitalized with a sample frequency of 100 
Hz (MIDAC, Instrumentation Department, Radboud University Nijmegen, The Netherlands) 
and analyzed by a customized computer program (Matlab, Mathworks Inc., USA). Baseline 
arterial blood flow (in ml·min-1·dl-1 of tissue) was calculated from the slope of the volume 
change over a 4-s interval. To avoid measuring during an artifact, the initial 1-s of the slopes 
were excluded from analysis. Registrations with movement artifacts were excluded. Baseline 
vascular resistance was calculated as mean arterial pressure (in mmHg) divided by the arterial 
blood flow (in ml·min-1·dl-1) and expressed in arbitrary units of resistance (AU). Mean arterial 
pressure was derived from auscultatory blood pressure values. 
Venous characteristics
The venous volume variation (VVV, ml·dl-1) was defined as the maximal relative volume 
increase in a limb at a certain cuff pressure. The VVV at different cuff pressures represents 
the pressure-volume curve. Compliance (in ml·dl-1·mmHg-1) was defined as the tangent of 
the pressure-volume curve. Since the pressure-volume data were clearly non-linear, the 
pressure-volume curve was fitted in a non-linear fashion according to the van Langen model. 
The van Langen model takes three parameters into account, i.e. pressure P0, compliance C0, 
and the stiffness constant k, and has been demonstrated to give a proper description of the 
curvilinear venous-pressure relationship (44). The parameters of the van Langen model were 
optimized individually with the Levenberg-Marquardt algorithm to achieve optimal fitting of 
the pressure-volume curve to the measured VVVs. The first derivative of the obtained formula 
was used to calculate the venous compliance at the different cuff pressures. Venous vascular 
properties analysis has been described in more detail previously (4, 44).
Statistical Analysis
All values are represented as means ± SEM. Overall differences in the time-course of all 
parameters in the suspended versus the control leg were tested with a two way repeated-
measures ANOVA with suspension and time as within-subject factors. Because deconditioning 
was the focus of the study, the time-course of changes in the suspended leg was examined 
more specifically with a one way repeated-measures ANOVA and post-hoc tests for pre-ULLS 
versus 4wk-ULLS and 4wk-ULLS versus Recovery. For the analysis of the pressure-volume 
and pressure-compliance curves a three way repeated-measures ANOVA was used with leg 
suspension, time, and cuff pressure as within-subject factors. Differences were considered to 
be statistically significant at P <0.05.
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Results
Effectiveness of ULLS
Strength measurement
Changes in force, expressed in absolute values, were significantly different between the 
suspended and control leg (P=0.034 for suspension · time), while percentage changes in 
strength tended to differ (P=0.05, Figure 1A). Furthermore, strength of the suspended leg 
changed significantly over time (P=0.01), with a significant decrease from pre-ULLS to 4wk-
ULLS (P=0.037) and a significant increase from 4wk-ULLS to recovery (P=0.01).
Calf circumference and skin temperature
Calf circumference changes differed between the suspended and control leg (P<0.001, Figure 
1B). Calf circumference decreased significantly in the suspended leg after 4 weeks of ULLS 
and, subsequently, increased significantly during Recovery. 
The changes in skin temperature over time differed significantly between the suspended 
leg and the control leg in both thigh and calf (P<0.001 for suspension · time). Skin temperature 
was similar in both legs pre-ULLS (Calf: 30.6 ± 0.2 versus 31.0 ± 0.2 ºC; Thigh: 31.1 ± 0.3 
versus 30.8 ± 0.3 ºC). Skin temperature was significantly lower in the suspended as compared 
with the control leg at 4wk-ULLS (Calf: 27.3 ± 0.8 versus 29.1 ± 1.0 ºC; Thigh: 27.7 ± 0.9 
versus 28.8 ± 1.1 ºC, P<0.01). The changes in skin temperature are expressed as differences 
between the suspended leg and the control leg in figure 1C. This temperature difference 
between the legs also changed significantly over time.
Vascular effects of ULLS
Diameter and blood flow of the common and superficial femoral artery
Diameter changes were different in the suspended leg versus the control leg for the CFA and 
SFA (P=0.05 and P<0.001, respectively). The diameter of the CFA and SFA in the suspended 
leg decreased significantly after 4 weeks of ULLS (P<0.05, Figure 2A and 2C) and increased 
significantly from 4wk-ULLS to Recovery. Although the effect of time on blood flow was 
significant, changes in blood flow were not different between the suspended and control leg 
for both the CFA and SFA (Figure 2B and 2D). Changes in MWSR were significantly different 
between the suspended and the control leg in the SFA (P<0.05), but not in the CFA. After 4 
weeks of ULLS, MWSR increased in the CFA (from 39.9 ± 9.1 to 70 ± 16.5 s –1, P<0.05) and in 
the SFA (from 15.1 ± 2.7 to 38.3 ± 9.3 s –1 , P<0.05). Subsequently, MWSR in the CFA and SFA 
significantly decreased during recovery (to 45.7 ± 11.2 s-1 and to 20.4 ± 3.5 s-1, respectively, 
P<0.05). Blood viscosity was unchanged between pre-ULLS (2.49 ± 0.08 Pa·s) and 4wk-ULLS 
(2.34 ± 0.12 Pa·s). 
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Figure 1  Effects of unilateral lower limb suspension on quadriceps muscle strength (A), calf circumference (B), and 
calf and thigh skin temperature (C). Pre, 2wk, 4wk, and recovery represent before, after 2 and 4 weeks of unilateral 
lower limb suspension, and the subsequent recovery, respectively. Susp represents the suspended leg, control 
represents the control leg. Data are represented as means ± SEM. ** P<0.05 for time-course of the suspended leg; 
* P<0.05 for post hoc comparisons.
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Figure 2  Effects of unilateral lower limb suspension on diameter and blood flow of the common femoral artery (2A 
and 2B, respectively) and of the superficial femoral artery (2C and 2D, respectively). Pre, 2wk, 4wk, and recovery 
represent before, after 2 and 4 weeks of unilateral lower limb suspension and the subsequent recovery, respectively. 
Susp represents the suspended leg, control represents the control leg. Data are represented as means ± SEM. 
** P<0.05 for time-course of the suspended leg; * P<0.05 for post hoc comparisons.  
Calf blood flow
In the calf, baseline blood flow decreased significantly after ULLS and increased significantly 
from 4wk-ULLS to Recovery. Similarly, baseline vascular resistance increased after ULLS and 
subsequently decreased at Recovery (Table 2).
Table 2  Arterial inflow of the calf measured by plethysmography.
Pre-ULLS 2wk-ULLS 4wk-ULLS Recovery
Baseline BF (ml·min-1·dl-1)
Suspended leg † 
(Control leg)
2.1  ±  0.2
(2.2  ±  0.3)
1.6  ±  0.3
(3.3  ±  0.4)
1.6  ±  0.2*
(3.5  ±  0.5)
2.4  ±  0.2*
(2.4  ±  0.3)
Baseline VR (AU)
Suspended leg †
(Control leg)
42  ±  4
(42  ±  5)
62  ±  10
(29  ±  5)
59  ±  7*
(29  ±  6)
36  ±  4*
(37  ±  5)
Data are represented as means ± SEM. BF represents blood flow. VR represents vascular resistance in arbitrary units 
(AU). † P<0.001 for time-course suspended versus control leg and for time-course suspended leg only. * P<0.01 for 
pre-ULLS versus 4wk-ULLS and 4wk-ULLS versus Recovery.
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Flow-mediated dilatation of the superficial femoral artery
The relative (%) and absolute (cm) FMD of the SFA of the suspended leg was significantly 
increased after 4 weeks of ULLS (Figure 3A and 3B). During recovery there was a significant 
decrease in relative and absolute FMD. The relative (%) endothelium-independent 
vasodilatation by nitroglycerin was enhanced after ULLS (Figure 3A). The FMD divided by the 
stimulus delta MWSR did not change significantly over time (P=0.13, Figure 3C). Correcting 
the FMD for delta PWSR resulted in similar findings. Finally, the relative endothelium-
dependent dilatation (FMD) divided by the relative endothelium-independent dilatation 
(Nitroglycerin) was not significantly different between pre-ULLS and 4wk-ULLS (Figure 3C). 
Venous compliance of the calf
After ULLS, the venous pressure-volume curve was significantly lower in the suspended leg as 
compared with the control leg (P=0.003 for the interaction of suspension, time, and pressure, 
Figure 4). However, the venous compliance of the suspended leg was not significantly altered 
by ULLS (Table 3).
Table 3  Venous compliance of the calf.
Compliance  (ml·dl-1·mmHg-1)
Pre-ULLS 2wk-ULLS 4wk-ULLS Recovery
Suspended leg
 16 mmHg 0.211 ± 0.062 0.156 ± 0.039 0.174 ± 0.039 0.221 ± 0.037
 32 mmHg 0.057 ± 0.007 0.042 ± 0.008 0.041 ± 0.004 0.051 ± 0.006
 48 mmHg 0.037 ± 0.005 0.027 ± 0.007 0.026 ± 0.003 0.030 ± 0.004
 64 mmHg 0.028 ± 0.004 0.021 ± 0.006 0.019 ± 0.003 0.022 ± 0.003
Control leg
 16 mmHg 0.161 ± 0.042 0.260 ± 0.028 0.243 ± 0.079 0.249 ± 0.055
 32 mmHg 0.049 ± 0.004 0.052 ± 0.007 0.048 ± 0.006 0.048 ± 0.007
 48 mmHg 0.031 ± 0.003 0.029 ± 0.004 0.028 ± 0.003 0.030 ± 0.006
 64 mmHg 0.024 ± 0.003 0.021 ± 0.003 0.020 ± 0.002 0.022 ± 0.004
Data are represented as means ± SEM. Pre-ULLS, 2wk-ULLS, 4wk-ULLS, and recovery represent before, after 2 and 
4 weeks of unilateral lower limb suspension and the subsequent recovery, respectively. 16, 32, 48, and 64 mmHg 
represent the effective cuff occlusion pressure.
Adverse effect of ULLS
Originally 8 subjects participated in the ULLS-protocol. One subject developed a deep venous 
thrombosis of the suspended leg during ULLS and was excluded from the study. We have 
reported separately on this serious adverse effect of ULLS and have proposed precautionary 
measures (5).
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Figure 3  Effects of unilateral lower limb suspension on flow-mediated and nitroglycerin-mediated dilatation of 
the superficial femoral artery. A. Relative diameter increase B. Absolute diameter increase C. Diameter increase 
corrected for stimulus and nitroglycerin-mediated dilatation. Pre, 2wk, 4wk, and recovery represent before, after 2 
and 4 weeks of unilateral lower limb suspension and the subsequent recovery, respectively. FMD represents flow-
mediated dilatation. NMD represents nitroglycerin-mediated dilatation. DMWSR represents delta mean wall shear 
rate. Data are represented as means ± SEM. ** P<0.05 for time-course of the suspended leg; * P<0.05 for post hoc 
comparisons.
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Figure 4  Effects of unilateral lower limb suspension on venous properties in the suspended leg (A) and in the 
control leg (B). VVV represents venous volume variations. Pv represents effective venous pressure. Pre-ULLS, 2wk-
ULLS, 4wk-ULLS, and Recovery represent before, after 2 and 4 weeks of unilateral lower limb suspension and the 
subsequent recovery, respectively. Data are represented as means ± SEM. The venous pressure-volume curve was 
significantly lower in the suspended leg after ULLS as compared with the control leg.
Discussion
The primary observations of the present study are the following. First, the deconditioning of 
one leg causes a decrease in diameter of the common and superficial femoral artery. Second, 
contrary to our hypothesis, there is no evidence for an impairment in endothelium-dependent 
vasodilatation of the femoral artery. Even after correction for the strength of the stimulus or for 
changes in endothelium-independent response, FMD was not decreased after deconditioning. 
Therefore, functional adaptations to inactivity are not simply the inverse of adaptations to 
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exercise. Finally, the downward shift of the venous pressure-volume curve of the calf after 
4 weeks of ULLS indicates a fall in venous capacitance. These observations indicate that a 
relatively short and mild deconditioning procedure, which is not confounded by microgravity 
or denervation, is able to affect both the venous and the arterial vascular system. 
Effectiveness of deconditioning by ULLS 
In our study, ULLS effectively caused deconditioning of the suspended leg. In contrast to 
the control leg, calf circumference, skin temperature, and strength of the quadriceps muscle 
decreased significantly in the suspended leg. This closely agrees with earlier reports of a 13-
21% decrease in maximum voluntary contraction of the quadriceps muscle after 10 days to 6 
weeks of unloading (2, 17, 41).
Arterial diameter changes of the leg caused by ULLS
Deconditioning causes arterial vascular changes in the suspended leg. The diameter of 
the common and superficial femoral artery decreases by 12% after 4 weeks of ULLS. In 
the literature, virtually no scientific data on arterial diameter changes in the leg due to 
deconditioning or physical inactivity are available. Our group has used spinal cord-injured 
individuals as a human model of extreme deconditioning. This deconditioning is caused by 
paralysis below the level of the spinal cord lesion. In spinal cord-injured individuals, we have 
demonstrated that the diameter of the CFA is 30% smaller than in healthy control subjects 
(13). This diameter decrease is already completed within 6 weeks after occurrence of a spinal 
cord injury (13). Since the ULLS-induced fall in femoral artery diameter is less pronounced 
than after spinal cord injury, ULLS seems to represent a moderate form of deconditioning. 
Although data on arterial diameter after deconditioning are scarce, the data on diameter changes 
due to exercise are rather abundant. The diameter of the CFA was 21% larger in road-cyclist 
athletes as compared with sedentary controls (26). Leg training for three months increased CFA 
diameter by 9%, while intima media thickness decreased and blood flow and shear stress were 
unchanged (16). These investigators have suggested that diameter adaptation to exercise is due 
to expansive remodeling and is aimed at correcting peak shear stress during exercise (16). 
Parallel to this reasoning, the decrease in diameter after ULLS may represent inward remodeling 
as an adaptation to diminished exposure to periods of high peak shear stress.
Blood flow changes in the leg caused by ULLS
Overall, we did not observe a reduction in blood flow, as measured by echo Doppler 
ultrasound, in the suspended leg compared to the control leg. Blood flow in the CFA and 
SFA of both legs changed significantly over time. This change in blood flow in both legs must 
have been caused by factors other than deconditioning, such as increased environmental 
temperature or decreased subject anxiety. Although room temperature changes were minimal 
ranging from –0.2 to 0.8 ºC, changes in blood flow in the leg after ULLS were significantly 
correlated to changes in room temperature (Spearman’s rho 0.85, P=0.016). Blood flow 
in the CFA and SFA of the suspended leg did not decrease after ULLS. Exercise training 
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changes arterial diameter but not baseline blood flow (16). This may represent a physiological 
mechanism of adaptation of arterial diameter to peak flow values during exercise rather than 
to resting flow (16, 30). Furthermore, even in extreme deconditioning due to paralysis after 
spinal cord injury, with a dramatic decrease in arterial diameter, several studies have reported 
no differences in resting leg blood flow, as measured with echo Doppler ultrasound (14, 34). 
Nevertheless, technical and biological considerations may also explain these findings, i.e. the 
reproducibility of blood flow is not as good as of the arterial diameter (14).
Baseline MWSR and PWSR were enhanced after 4 weeks of ULLS, suggesting that 
deconditioned blood vessels do not maintain equal shear rate. Shear stress equals shear rate 
multiplied by blood viscosity. Since blood viscosity was equal between pre-ULLS and 4wk-
ULLS, we focused, in line with several other studies (13, 14, 40), on shear rate. In spinal 
cord-injured individuals, a twofold increase in MWSR and PWSR was observed (13, 40), 
indicating that the maintenance of constant shear rate is impaired in the deconditioned legs 
of spinal cord-injured individuals. In contrast, exercise training in healthy controls did not 
change baseline shear stress in the CFA (16). In conclusion, basal shear rate is maintained 
at a constant level in exercise training, but is increased in deconditioning due to spinal cord 
injury or ULLS. Therefore, adaptation of arterial diameter in deconditioning may be disturbed 
or differ from vascular adaptation to exercise.
Baseline calf blood flow, measured by plethysmography, decreased by 26% after 4 weeks 
of ULLS, and vascular resistance increased by 41%. This represents a decrease in blood flow 
relative to calf tissue. The discrepancy between the decrease in calf blood flow, as measured 
with plethysmography, and the absence of a decrease in superficial femoral artery blood flow, 
as measured with echo Doppler ultrasound, may be explained in several ways. The superficial 
femoral artery supplies a relatively large amount of leg skin, in addition to the calf muscles, 
whereas for calf plethysmography the influence of skin blood flow may be less important. 
Finally, the measurement of blood flow at the level of a conduit artery (by ultrasound) may be 
less sensitive to detect changes than measurement at the arteriolar level (by plethysmography). 
In bed rest studies lasting 18 to 42 days calf blood flow decreased by 26 to 38% (12, 27, 29) 
and vascular resistance increased by 35 to 52% (27, 37). Louisy demonstrated a decrease in 
blood flow of 29% after 1 day of bed rest and a decrease of 48% after 41 days of bed rest 
(29). Since the decrease in plasma volume occurs mainly in the first 24-48 hours of bed rest 
(11) and vascular changes probably represent a slower process, up to 50% of the decrease 
in blood flow by bed rest may be caused by microgravity effects and not by deconditioning. 
In the extremely deconditioned legs of spinal cord-injured individuals, calf blood flow is 
decreased by 64% (24). The decrease in blood flow after ULLS is smaller than in other 
models, this may be due to more moderate deconditioning after ULLS or to confounders like 
microgravity or denervation in the other models of inactivity.
Endothelial function of conduit arteries and ULLS
We measured FMD in order to gain insight into the functional changes in the conduit arteries 
of the leg. FMD is an indicator of endothelial function and shear stress-induced nitric oxide 
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production. FMD was significantly increased after ULLS. It has been proposed that FMD 
results should be corrected for the magnitude of the eliciting stimulus: wall shear stress 
or wall shear rate (28). After this correction the increase in FMD is no longer statistically 
significant. Based on figure 3C we feel that this may be due to insufficient power in this study 
for this type of correction. Endothelium-independent dilatation was also increased after ULLS. 
Although unexpected, this finding is in accordance with a study by Rywik demonstrating 
that endothelium-independent dilatation is modifiable by training (39). The ratio of FMD and 
nitroglycerin-mediated dilatation did not change after ULLS (Figure 3C). This may suggest 
that mainly nitric oxide sensitivity of smooth muscle or smooth muscle dilatory capacity 
in the vessel wall has changed. Previously, we have shown that FMD is increased in the 
deconditioned legs of spinal cord-injured individuals (14). Although this increase in FMD 
was no longer significant after correction for PWSR and MWSR, virtually all spinal cord-
injured individuals had a higher FMD response per delta shear rate (14). In addition, bed rest 
deconditioning has been described to cause an increased FMD of the brachial artery (7). In 
conclusion, there is no evidence for an impairment of FMD after moderate deconditioning by 
ULLS or after extreme deconditioning due to spinal cord injury. If deconditioning causes any 
change in the FMD response, our data suggest an increase. 
Exercise training causes an increase in FMD (10). Surprisingly, the effects of deconditioning 
on FMD are not the inverse of the effects of exercise training. A possible explanation could 
be that basal nitric oxide production in conduit arteries is decreased due to the absence of 
periods of high shear rate, with a subsequent decrease in diameter. Since periods of high shear 
rate remain absent, nitric oxide sensitivity may increase. Increased nitric oxide sensitivity 
would explain the increased FMD and nitroglycerin-mediated dilatation in our study. This is 
in accordance with a temporary hypersensitivity to nitric oxide after partial artery ligation in 
mice (38). In this specific study Rudic demonstrated that endothelial function plays a central 
role in arterial remodeling.
The decrease in femoral artery diameter in this study may result from structural inward 
remodeling and from increased vasomotor tone. Most studies on remodeling have been ex-
vivo studies in animals. If arterial diameter did not respond to a combination of vasodilators 
structural inward remodeling was proven (38). In our study we have measured the response 
of the diameter to a maximal hyperemic response and the response to nitroglycerin (0.4 
mg sublingually). The maximal diameter represents the resting diameter plus the absolute 
increase in diameter in response to these stimuli (Figure 5). Maximal diameter after the 
hyperemic response changed significantly over time (P<0.001) with a significant decrease 
of 9.1% from pre-ULLS to 4wk-ULLS (P=0.012) and a significant increase from 4wk-ULLS 
to Recovery (P=0.013). Maximal diameter after nitroglycerin also decreased by 8.8% after 
ULLS (P=0.001). This may suggest that the greater part of the 12% decrease in superficial 
femoral artery diameter is due to structural changes. Nevertheless, there is a quick recovery to 
baseline values within 4 weeks. Interpretation of these data is hindered by the lack of definite 
proof that maximal vasodilatation was achieved.
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Figure 5  Maximal diameter of the superficial femoral artery in response to flow-mediated dilatation (FMD) and 
nitroglycerin-mediated dilatation (NMD). The maximal diameter is the sum of the baseline diameter and absolute 
increase in diameter during FMD and NMD. Pre, 2wk, 4wk, and recovery represent before, after 2 and 4 weeks 
of unilateral lower limb suspension and the subsequent recovery, respectively. ** P<0.05 for time-course of the 
suspended leg; * P<0.05 for post hoc comparisons.
Venous properties and ULLS
Based on our results in a previous bed rest study (4), we hypothesized that leg venous 
capacitance and venous compliance would decrease after deconditioning. Since in that bed 
rest study the effect of muscle atrophy was minimal, we attributed the observed decrease in 
venous capacitance and venous compliance primarily to direct vascular effects of physical 
inactivity and to an increase in sympathetic activity, elicited by bed rest. After ULLS the 
pressure-volume is shifted downwards in the suspended leg, indicating a decrease in venous 
capacitance. Based on the individual pressure-volume curves and the average pressure-
volume curves presented in Figure 4, we decided that a curvilinear analysis of compliance 
based on the three-parameter model of Van Langen was most appropriate. According to this 
analysis, compliance did not decrease. Therefore, deconditioning by ULLS decreases venous 
capacitance, but does not alter compliance. 
Leg venous capacitance represents the blood volume that can be stored in the legs. This 
stored venous volume can be used to increase venous return to the heart, but excessive venous 
pooling during standing may also cause orthostatic intolerance. With the onset of exercise leg 
blood volume decreases and heart end-diastolic volume increases resulting in an enhanced 
cardiac output (18). The increase in cardiac output at the onset of exercise is blunted when 
venous return is reduced (33). Therefore, a decrease in venous capacitance may attenuate the 
increase in cardiac output at the start of exercise. In contrast, a lower venous capacitance in 
elderly (35) may improve their orthostatic tolerance.
Deconditioning due to inactivity following spinal cord injury or aging causes a decrease 
in both venous capacitance and compliance (25, 35, 43, 46). Venous compliance is higher 
in endurance-trained subjects compared to sedentary controls (22, 31). This may be due to 
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difference in smooth muscle tone or the composition of the vessel wall (31). In previous bed 
rest studies muscle atrophy was importantly related to the observed increase in compliance 
(12). Calf circumference decreased in our ULLS study, while compliance was unaltered. 
Possibly the decrease in compliance based on vessel wall properties is masked by muscle 
atrophy and subsequent loss of vein support. Alternatively, lower capacitance with equal 
compliance corresponds to the effects of sympatho-excitation reported by Halliwill (21). 
Although muscle sympathetic nerve activity is augmented after microgravity induced 
deconditioning, no information is available on the effect of other forms of deconditioning, 
including ULLS on sympathetic activity. 
In conclusion, deconditioning by 4 weeks of leg suspension results in a decrease in the 
arterial diameter of the conduit arteries as well as in calf blood flow. The trend of an increase 
of FMD after leg suspension indicates that functional adaptations to inactivity are not simply 
the inverse of adaptations to exercise. Leg suspension decreases venous capacitance, whereas 
compliance is unaffected. ULLS is a relatively short and mild deconditioning procedure, 
which is able to affect both the arterial and the venous vascular system. 
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Abstract
Deconditioning is a risk factor for cardiovascular disease. Exercise reduces this risk, possibly 
by improving the vascular endothelial nitric oxide (NO) pathway. The effect of deconditioning 
on the NO pathway is largely unknown. This study was designed to assess baseline NO 
availability in the leg vascular bed after extreme, long-term deconditioning (spinal cord-
injured individuals, SCI) as well as after moderate, short-term deconditioning (4 weeks of 
unilateral lower limb suspension, ULLS). For this purpose, seven SCI were compared with 
7 matched controls. Additionally, 7 healthy subjects were studied Pre- and Post-ULLS. Leg 
blood flow was measured by venous occlusion plethysmography at baseline and during 
infusion of 5 incremental dosages of NG-monomethyl-L-arginine (L-NMMA) into the femoral 
artery. Sodium nitroprusside (SNP) was infused to test vascular responsiveness to NO. Baseline 
leg vascular resistance tended to be higher in SCI compared with controls (37 ± 4 versus 31 
± 2 AU, P=0.06). Deconditioning altered neither the vasoconstrictor response to L-NMMA 
(increase in resistance in SCI versus controls: 102 ± 33% versus 69 ± 9%; Pre- versus Post-
ULLS: 95 ± 18% versus 119 ± 15%), nor the vascular responsiveness to NO. In conclusion, 
two human in-vivo models of deconditioning show a preserved baseline NO availability in 
the leg skeletal muscle vascular bed.
Introduction
The endothelium plays a crucial role in the regulation of vascular function and structure. 
Among the various mediators released by the endothelium, nitric oxide (NO) may be 
considered the most important vasodilator substance. The importance of the NO pathway is 
demonstrated by the strong link between endothelial dysfunction and cardiovascular disease 
(52). Various risk factors for cardiovascular disease, such as arterial hypertension, diabetes, 
smoking and hypercholesterolemia, are associated with defects in the NO pathway (52). 
Reduced baseline NO production has been demonstrated in patients with hypertension 
and their offspring (38), in smokers (39), and in chronic heart failure patients (53). Exercise 
training enhances baseline NO production in healthy subjects (30), in patients with 
hypercholesterolemia (35), and in chronic heart failure patients (22). As such, the positive 
effect of exercise on these conditions may be partly explained by augmentation of baseline 
NO availability.
A sedentary lifestyle is an independent risk factor for atherosclerosis and cardiovascular 
disease (4). Baseline blood flow to the deconditioned skeletal muscles is reduced (8, 29, 46). In 
response to a reduction in blood flow, baseline NO synthesis may be attenuated, which triggers 
vascular remodeling and atherosclerosis (42, 43). Accordingly, Kamiya et al (29) showed a 
decrease in plasma nitrite/nitrate concentration, an indicator of endogenous NO production, 
after head-down bed rest, suggesting a diminished release of endothelial NO. Therefore, we 
hypothesize that the contribution of NO to baseline vascular tone is reduced in deconditioned 
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skeletal muscle. We tested this hypothesis in two human in-vivo models of inactivity. The first 
model concerns spinal cord-injured individuals (SCI). SCI offer a unique model of nature to 
assess peripheral vascular adaptations to inactivity. In these individuals the part of the body 
below the level of the lesion is subject to extreme and long-term deconditioning. Extensive 
vascular adaptations, including a reduction in baseline blood flow, occur in the leg vascular bed 
in SCI (8, 33). However, the legs of SCI are not only subject to extreme deconditioning, but also 
to denervation. Therefore, a second model was used: unilateral lower limb suspension (ULLS). 
This model of deconditioning is less extreme and limited in duration, but is not confounded 
by denervation. The ULLS model (2) is based on the avoidance of all weight-bearing activities 
of one leg, while the subject uses crutches for locomotion. The ULLS model induces muscle 
atrophy and a decrease in muscle strength (2, 3, 12, 45).
The purpose of this study was to assess the effect of extreme, long-term (SCI) and moderate 
short-term (ULLS) deconditioning on the contribution of NO to baseline vascular tone in 
the human leg skeletal muscle vascular bed. To address this issue increasing dosages of 
NG-monomethyl-L-arginine (L-NMMA, a blocker of NO synthase) and sodium nitroprusside 
(SNP, a NO donor) were infused into the femoral artery in spinal cord-injured individuals and 
matched controls, and in subjects before and after 4 weeks of ULLS.
Methods
Subjects 
In total, 19 subjects participated and underwent the same tests to assess the contribution of NO 
to baseline vascular tone. In a first study, 7 male SCI, with extreme, long-term deconditioning, 
were compared with 7 controls, matched for gender and age. In a second study, 7 healthy 
subjects (3 males, 4 females) were measured twice, once before and once 4 weeks after short-
term deconditioning by ULLS. Two of these subjects also served as controls for the SCI.
SCI suffered from a complete motor and sensor spinal cord lesion of traumatic origin 
varying from Cervical 5 – Thoracic 12 (American Spinal Injury Association ASIA A). The level 
of the spinal lesion was assessed by clinical examination. One of the SCI used baclofen (10 
mg daily) throughout the study. Three females in the ULLS study used oral contraceptives. 
During their pre-ULLS and post-ULLS measurements, all females were in the same phase of 
their menstrual or contraceptive pill cycle.
All subjects met the inclusion criteria: age 18-50 years; non-smokers; diastolic blood 
pressure below 90 mmHg; normal fasting glucose, cholesterol, and triglyceride values. Thus, 
individuals with the most important risk factors that could affect endothelial function, in 
particular baseline NO production, were excluded from the study. Baseline characteristics 
are shown in Table 1. In the ULLS study, subjects exercised 2.1 ± 0.7 hours per week. Exercise 
in the SCI (4.9 ± 0.8 hours per week) consisted of voluntary arm exercise. This type of upper 
body exercise is limited by the amount of active muscle mass (24) and does not affect the leg 
vasculature (26). The Hospital Ethics Committee approved the study. All subjects gave their 
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written informed consent prior to the study. The study conforms with the principles outlined 
in the Declaration of Helsinki.
Experimental procedures
Leg blood flow measurement
All subjects fasted overnight, and refrained from caffeine and alcohol for 24 hours. All 
subjects emptied their bladder before testing to minimize the influence of reflex sympathetic 
activation on vascular tone. All tests were performed in the morning with the subjects in 
supine position in a quiet temperature-controlled room (23-24°C).
The technique of leg blood flow measurements in combination with drug infusions into 
the femoral artery has been described previously (33). A cannula (Angiocath 16 gauge, 
Becton Dickinson, Sandy, Utah, USA) was introduced into the femoral artery of the leg using 
a modified Seldinger technique. The intra-arterial cannula was used for drug administration 
and for blood pressure measurement. Heart rate was derived from the electrocardiogram. In 
control and ULLS subjects local anesthesia (4 ml lidocaine 20 mg·ml-1) was applied. Because 
of the lack of sensibility no anesthesia was used in SCI. 
Bilateral upper leg blood flow was measured by electrocardiography-triggered venous 
occlusion plethysmography, using mercury-in-silastic strain gauges placed approximately 10 
cm proximal to the patella. We have previously shown that the reproducibility of upper leg 
blood flow measurements is good (47). The thigh cuffs were simultaneously inflated to 50 
mmHg using a rapid cuff inflator (Hokanson E-20, D.E. Hokanson, Bellevue, Washington, 
USA) (21). Cuffs below the knee were inflated to suprasystolic levels (> 200 mmHg) in order 
to occlude the calf circulation. This way, the use of high doses of drugs, with subsequent 
systemic effects, could be minimized. To prevent discomfort, infusions were interrupted every 
ten minutes and the calf circulation was restored for 5 minutes.
Drug infusion protocol
The drug infusion protocol is represented at the bottom of Figure 1. The measurements started 
at least 30 minutes after cannulation of the femoral artery. Each drug dose was administered 
for 5 minutes. First, baseline leg blood flow was measured during saline (NaCl 0.9%) infusion. 
Subsequently L-NMMA was infused into the femoral artery at incremental doses of 0.025–0.05–
0.1–0.2–0.4 mg·min-1 per deciliter (dl) of upper leg volume. In a pilot study with doses up to 
0.8 mg·min-1·dl-1 maximal vasoconstriction was already achieved at 0.2 and 0.4 mg·min-1·dl-1. 
Subsequently, glucose 5% was infused followed by infusion of increasing dosages of the 
NO donor sodium nitroprusside (SNP, 0.06–0.2–0.6 µg·min-1·dl-1). Sodium nitroprusside was 
infused to explore differences in smooth muscle sensitivity to exogenous NO. A one-hour 
washout period was scheduled before angiotensin II infusion. Angiotensin II (0.25–0.5–2.0 
ng·min-1·dl-1) served as a control vasoconstrictor to detect differences in vasoconstrictor 
capacity due to structural vascular changes induced by deconditioning. During the whole 
protocol, infusion rate was kept constant at a volume rate of 10 µl·min-1·dl-1.
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Drugs and solutions
NG-monomethyl-L-arginine and angiotensin II (both from Clinalfa, Läuflingen, Switzerland) 
were dissolved in saline at the beginning of each experiment. Sodium nitroprusside 
(department of Clinical Pharmacy, Radboud University Nijmegen Medical Centre) was 
dissolved in glucose 5% and protected against light.
Upper leg volume measurement
Upper leg volume was determined by anthropometry as described by Jones et al (28).
ULLS protocol
In seven subjects, the right leg was exposed to deconditioning induced by 4 weeks of ULLS. 
We used a ULLS model very similar to the original description by Berg (2). The right leg was 
suspended by attachment of a sling to a non-rigid ankle brace and to a harness on the upper 
body and unloaded from all weight bearing. Sole elevation of the contra-lateral foot was not 
used, because it produced instability of the leg. The harness was used during all locomotor 
activity, and the subjects used crutches for walking. Instructions were provided to minimize 
muscle activity of the suspended leg. Compliance was monitored with a diary, weekly 
interviews, and leg skin temperature. Skin temperature was consistently 1-2ºC lower in the 
unloaded thigh and calf versus the control leg.
Strength measurement
In order to test the effectiveness of ULLS to induce deconditioning, the strength of the quadriceps 
muscle was quantified. Maximum voluntary contraction (Newton) of the quadriceps muscle 
of both legs was assessed with an isometric quadriceps dynamometer (15) before and after 4 
weeks of ULLS. The hips and knees were positioned at 90º and 60º of flexion, respectively. 
The highest obtained result of three consecutive measurements represented the maximum 
voluntary contraction. This method has an acceptable reproducibility with a coefficient of 
variance of 10.2%.
Data analysis
Upper leg blood flow in ml·min-1·dl-1 was calculated as the slope of the plethysmographic 
volume curve, as described previously (33). Leg blood flow values of the final 2 minutes of 
each 5-minute infusion period were averaged. Blood pressure significantly changed during 
the course of the experiment. Therefore, upper leg vascular resistance (LVR) was calculated 
as mean arterial pressure (MAP, in mmHg) divided by leg blood flow in ml·min-1·dl-1 and 
expressed in arbitrary units (AU=mmHg·min·ml-1·dl-1). For these calculations, we assumed 
that central venous pressure was low and remained constant throughout the protocol.
We used the first baseline measurement (during saline infusion) to calculate the 
percentage change in outcome parameters during infusion of L-NMMA and SNP. Glucose 5% 
and SNP were infused immediately after infusion of L-NMMA. The NO donor SNP directly 
affects the vascular smooth muscle cell and overrules the effect of L-NMMA, so the effect of 
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L-NMMA during infusion of SNP can be ignored. To calculate the percentage change during 
angiotensin II infusion, the baseline measurement directly prior to angiotensin II infusion 
was used. In order to control for changes in vasoconstrictor capacity by deconditioning, the 
vasoconstrictor response to L-NMMA was normalized to the average vasoconstrictor response 
to angiotensin II.
Statistics
Results represent means ± SEM. Differences in baseline characteristics between SCI and 
controls were tested using the Mann-Whitney U-test. Changes in strength, leg volume, and 
body mass after ULLS were tested with Wilcoxon signed rank test. For SCI and matched 
controls, differences in the response to infusion of drugs were analyzed using two factor 
repeated measures ANOVA with the drug dose as within subject factor and the presence of a 
spinal cord lesion as between group factor. For ULLS, a two factor repeated measures ANOVA 
was used with the drug dose and Pre- or Post-ULLS as within subject factors. Differences 
in response between drug doses were tested with the least significant difference post-hoc 
test (Statistical Package for Social Sciences (SPSS) 11.0). Differences were considered to be 
statistically significant at a two-sided P-value of less than 0.05. 
Results
Effects of extreme, long-term deconditioning (SCI) on baseline parameters
SCI and matched controls did not differ with respect to age and blood pressure. Related 
to their spinal cord lesion, thigh volume and body mass were lower in SCI compared with 
controls (Table 1). Baseline leg blood flow tended to be lower (2.8 ± 0.5 versus 3.3 ± 0.2 
ml·min-1·dl-1, P=0.064) and LVR tended to be higher (37 ± 4 versus 31 ± 2 AU, P=0.064) in 
SCI compared with controls.
Table 1  Baseline characteristics.
Extreme deconditioning Moderate deconditioning
SCI (n=7) Controls (n=7) ULLS-subjects (n=7)
Age (years) 38  ±  2 32  ±  5 24  ±  2
Body mass (kg) 71.1  ±  5.4 81.4  ±  3.6* 71.8  ±  4.6
Upper leg volume (L) 5.0  ±  0.3 7.1  ±  0.4 † 6.7  ±  0.5
Systolic blood pressure (mmHg) 123  ±  6 124  ±  4 114  ±  2
Diastolic blood pressure (mmHg) 76  ±  2 83  ±  3 77  ±  3
Triglycerides  (mmol·l-1) 1.3  ±  0.3 ‡ 1.4  ±  0.3 1.2  ±  0.2
Cholesterol (mmol·l-1) 4.6  ±  0.4 ‡ 4.5  ±  0.3 4.4  ±  0.2
Glucose (mmol·l-1) 4.5  ±  0.3 4.7  ±  0.1 4.9  ±  0.1
Exercise (hours per week) 4.9  ±  0.8 3.9  ±  0.8 2.1  ±  0.7
Values represent means ± SEM. * P = 0.047 versus SCI. † P = 0.006 versus SCI. ‡ Data are from 6 subjects. 
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Effects of moderate, short-term deconditioning (ULLS) on baseline 
parameters
Body mass and thigh volume did not change after ULLS (Pre versus Post: 71.8 ± 4.6 versus 
72.1 ± 4.6 kg, and 6.7 ± 0.5 versus 6.7 ± 0.5 liter, respectively). After 4 weeks of ULLS, 
strength of the quadriceps muscle decreased by 22.2 ± 8.3% (P < 0.05). Strength of the 
control leg quadriceps muscle did not change (-1.8 ± 14.0%). ULLS did not alter baseline leg 
blood flow, or LVR (Pre versus Post: 3.9 ± 0.7 versus 4.5 ± 0.9 ml·min-1·dl-1 and 26 ± 3 versus 
23 ± 3 AU, respectively).
Response to L-NMMA
Leg vascular resistance increased significantly in all groups during L-NMMA infusion (P 
<0.01). The responses of LVR to L-NMMA, expressed as percentage of baseline LVR, were 
not different between SCI (extreme, long-term deconditioning) and matched controls (Figure 
1A). The response of LVR to L-NMMA in SCI was also compared to the data of all 12 controls 
(including 5 additional control subjects from the pre-ULLS study), but again no difference in 
response was detected. Likewise, moderate short-term deconditioning (ULLS), did not affect 
the response of LVR to infusion of L-NMMA (Figure 1B). All these observations were similar if 
the absolute instead of the relative (%) changes in the LVR were analyzed. After normalizing 
the response to L-NMMA to the individual mean response to angiotensin II (for data of 
angiotensin II response see next paragraph), again no differences were observed between SCI 
and controls, nor between Pre- and Post-ULLS. 
In SCI, the matched controls and in the Pre-ULLS-tests, the maximal vasoconstrictor 
response to L-NMMA was already achieved at the dose of 0.2 mg·min-1·dl-1. As a consequence, 
doubling of the dose to 0.4 mg·min-1·dl-1 did not induce a further vasoconstrictor response, 
indicating that maximal NO inhibition was achieved. In the Post-ULLS-tests, LVR increased 
further at the dose of 0.4 mg·min-1·dl-1 (P=0.031). However, pilot studies in healthy volunteers 
showed that increasing the L-NMMA-dose to 0.8 mg·min-1·dl-1 did not further increase 
LVR (LVR 46 ± 4, 45 ± 5, and 48 ± 4 AU during 0.2, 0.4 and 0.8 mg L-NMMA·min-1·dl-1 
respectively, n = 3). 
L-NMMA induced a significant and dose-dependent increase in MAP (P<0.001), which 
did not significantly differ between SCI and controls, and between Pre- and Post-ULLS tests 
(Table 2 and Table 3). SCI and their controls and the ULLS-subjects showed a decrease in HR 
during L-NMMA infusion (Table 2 and 3).
Response to SNP
Neither the absolute nor the relative (%) response of LVR to SNP differed between SCI and 
controls (Table 2, Figure 1A). This also holds for the Pre- versus Post-ULLS response to SNP 
(Table 3, Figure 1B). MAP decreased in all groups during the higher dosages of SNP (P<0.001, 
Table 2 and 3). 
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Figure 1  Change in leg vascular resistance in response to L-NMMA (0.025-0.05-0.1–0.2–0.4 mg·min-1·dl-1 of leg 
tissue), SNP (0.06–0.2–0.6 µg·min-1·dl-1), and angiotensin II (Ang II 0.25–0.5–2.0 ng·min-1·dl-1). A Spinal cord-injured 
individuals versus matched controls (closed and open circles, respectively). B Healthy subjects before and after ULLS 
(open and closed circles, respectively). Data represent means and SEM.
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Table 2  Effect of L-NMMA, SNP and angiotensin II on blood pressure, heart rate, and vascular tone in SCI and 
controls.
Drug dose SCI (n=7) Controls (n=7)
dose·min-1·dl-1 MAP HR LBF LVR MAP HR LBF LVR
Infusion Control Infusion Control
L-NMMA
Saline 91 ± 4 57 ± 4 2.8 ± 0.5 37 ± 4 34 ± 5 98 ± 4 57 ± 3 3.3 ± 0.2 31 ± 2 33 ± 2
0.025 mg 91 ± 4 58 ± 5 2.4 ± 0.4 43 ± 5 36 ± 4 100 ± 5 56 ± 3 2.6 ± 0.2 40 ± 3 35 ± 2
0.05 mg 94 ± 4 56 ± 5 2.2 ± 0.4 47 ± 5 33 ± 4 99 ± 4 58 ± 3 2.6 ± 0.1 40 ± 3 35 ± 2
0.1 mg 95 ± 5 55 ± 6 1.9 ± 0.3 56 ± 7 36 ± 5 100 ± 4 57 ± 3 2.3 ± 0.2 47 ± 4 33 ± 3
0.2 mg 96 ± 4 53 ± 4 1.8 ± 0.3 71 ± 16 37 ± 6 102 ± 4 55 ± 3 2.2 ± 0.1 49 ± 3 33 ± 3
0.4 mg 101 ± 4 54 ± 4 1.6 ± 0.2 71 ± 11 39 ± 5 105 ± 4 57 ± 3 2.1 ± 0.1 52 ± 3 30 ± 2
       *       *        *         *       †         *        *        *        *       ‡
SNP
Glucose 104 ± 4 53 ± 4 2.0 ± 0.2 54 ± 5 40 ± 7 109 ± 3 55 ± 5 2.9 ± 0.2 39 ± 2 30 ± 3
0.06 µg 105 ± 4 52 ± 5 3.1 ± 0.5 37 ± 4 42 ± 5 106 ± 4 58 ± 4 4.9 ± 0.6 25 ± 4 34 ± 3
0.2 µg 92 ± 4 56 ± 5 4.4 ± 0.8 25 ± 3 35 ± 5 101 ± 5 58 ± 4 5.3 ± 0.6 21 ± 3 39 ± 6
0.6 µg 83 ± 4 64 ± 5 5.5 ± 1.0 18 ± 2 33 ± 7 96 ± 5 67 ± 5 7.7 ± 0.9 15 ± 3 35 ± 6
       *       *         *         *        *        *        *        *
ANG II
Saline 103 ± 4 56 ± 5 2.2 ± 0.4 56 ± 12 43 ± 7 105 ± 4 60 ± 5 3.1 ± 0.4 37 ± 5 34 ± 3
0.25 ng 106 ± 3 56 ± 5 1.7 ± 0.3 80 ± 18 46 ± 9 109 ± 5 61 ± 6 2.4 ± 0.3 51 ± 6 34 ± 3
0.5 ng 106 ± 4 55 ± 5 1.5 ± 0.3 105 ± 32 55 ± 20 109 ± 5 63 ± 6 2.3 ± 0.2 53 ± 6 33 ± 3
2.0 ng 112 ± 5 57 ± 6 1.4 ± 0.3 124 ± 36 55 ± 17 112 ± 5 62 ± 5 1.8 ± 0.2 73 ± 12 32 ± 4
       *         *         *        *        *        *
MAP, mean arterial pressure (mmHg); HR, heart rate (beats·min-1); LBF, leg blood flow (ml·min-1·dl-1); LVR, leg 
vascular resistance (AU); Infusion, the infused leg; Control, the non-infused leg. Ang II, angiotensin II. * significant 
dose effect for both groups (P<0.05, Two way ANOVA). † trend to significant interaction for dose x group 
(P=0.069). ‡ significant dose effect (P<0.05, one way ANOVA).
Response to angiotensin II
The absolute and relative (%) responses of LVR to angiotensin II (Table 2, Figure 1) were 
not different in SCI compared with controls. The absolute responses of LVR to angiotensin II 
(Table 3) was not different in Pre- versus Post-ULLS. In all groups, MAP increased significantly 
during the higher dosages of angiotensin II (P<0.001, Table 2 and 3). This increase in MAP 
was not different in SCI versus controls nor in Pre-ULLS versus Post-ULLS. HR did not change 
significantly in either group.
Adverse effect of ULLS
Originally 8 subjects participated in the ULLS-protocol. One subject developed a deep venous 
thrombosis of the suspended leg during ULLS and was excluded from the study. We have 
reported separately on this serious adverse effect of ULLS and have proposed precautionary 
measures (6). 
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Table 3  Effect of L-NMMA, SNP and angiotensin II on blood pressure, heart rate, and vascular tone Pre- and Post-
ULLS.
Drug dose Pre-ULLS (n=7) Post-ULLS (n=7)
dose·min-1·dl-1 MAP HR LBF LVR MAP HR LBF LVR
Infusion Control Infusion Control
L-NMMA
Saline 90 ± 2 62 ± 3 3.9 ± 0.7 26 ± 3 29 ± 4 90 ± 2 67 ± 4 4.5 ± 0.9 23 ± 3 26 ± 3
0.025 mg 92 ± 2 62 ± 3 3.3 ± 0.6 32 ± 4 30 ± 4 91 ± 2 67 ± 4 4.2 ± 0.9 27 ± 4 28 ± 4
0.05 mg 92 ± 2 60 ± 3 2.8 ± 0.4 37 ± 4 30 ± 4 93 ± 2 65 ± 3 3.3 ± 0.7 34 ± 5 30 ± 5
0.1 mg 94 ± 2 63 ± 3 2.5 ± 0.3 41 ± 4 28 ± 4 95 ± 3 66 ± 4 2.8 ± 0.5 40 ± 6 29 ± 4
0.2 mg 97 ± 2 60 ± 3 2.2 ± 0.2 46 ± 4 30 ± 4 96 ± 2 63 ± 4 2.6 ± 0.4 43 ± 6 30 ± 5
0.4 mg 99 ± 2 60 ± 3 2.1 ± 0.2 49 ± 4 28 ± 3 99 ± 3 64 ± 3 2.3 ± 0.3 51 ± 7 29 ± 5
 *  *  *  *  *  *  *  *
SNP
Glucose 101 ± 2 61 ± 4 3.0 ± 0.3 36 ± 3 27 ± 4 98 ± 2 59 ± 3 2.9 ± 0.4 37 ± 4 28 ± 4
0.06 µg 100 ± 1 62 ± 4 5.7 ± 0.9 21 ± 3 28 ± 4 98 ± 2 65 ± 4 5.3 ± 0.9 22 ± 3 29 ± 4
0.2 µg 95 ± 2 62 ± 3 6.3 ± 1.4 19 ± 3 30 ± 3 93 ± 2 66 ± 4 6.4 ± 1.5 18 ± 3 31 ± 4
0.6 µg 90 ± 1 72 ± 4 8.0 ± 1.5 14 ± 3 34 ± 5 90 ± 3 72 ± 3 8.3 ± 1.7 13 ± 2 35 ± 6
 *  *  *  *  *  *  *  *  *  *
ANG II
Saline 97 ± 2 65 ± 4 3.5 ± 0.6 32 ± 4 31 ± 4 97 ± 2 66 ± 5 4.4 ± 1.1 31 ± 6 32 ± 7
0.25 ng 101 ± 2 67 ± 3 2.9 ± 0.5 41 ± 5 28 ± 5 101 ± 3 71 ± 4 3.5 ± 0.8 40 ± 8 29 ± 6
0.5 ng 100 ± 2 66 ± 4 2.6 ± 0.4 44 ± 5 26 ± 4 99 ± 2 69 ± 4 2.9 ± 0.8 46 ± 8 29 ± 6
2.0 ng 106 ± 3 68 ± 4 2.1 ± 0.2 55 ± 5 27 ± 5 105 ± 2 72 ± 5 2.0 ± 0.4 63 ± 10 28 ± 6
 *  *  *  *  *  *  *  *
MAP, mean arterial pressure (mmHg); HR, heart rate (beats·min-1); LBF, leg blood flow (ml·min-1·dl-1); LVR, leg 
vascular resistance (AU); Infusion, the infused leg; Control, the non-infused leg. Ang II, angiotensin II. * significant 
dose effect for both groups (P<0.05, two way ANOVA).
Discussion
The present study showed that, in contrast to our hypothesis, the contribution of NO to 
baseline vascular tone is not affected by deconditioning of human skeletal muscle. This 
is remarkable since exercise increases the contribution of NO to baseline vascular tone 
(30). Therefore, effects of deconditioning are not the inverse of effects of exercise training. 
Preserved contribution of NO to baseline vascular tone was confirmed in both extreme, long-
term (SCI) and moderate, short-term (ULLS) deconditioning. Infusion of L-NMMA into the 
femoral artery increased basal LVR to a similar extent in SCI versus matched controls, as well 
as in Pre- versus Post-ULLS. Second, the response to the NO donor sodium nitroprusside was 
similar in SCI versus controls, and in Pre- versus Post-ULLS, indicating equal smooth muscle 
responsiveness to NO. Third, the vasoconstrictor response to angiotensin II did not differ 
between SCI and controls or between Pre- and Post-ULLS, indicating that there were no non-
specific changes in vasoconstrictive capacity in both models. The latter observation is further 
strengthened by the fact that the response to L-NMMA normalized to the individual mean 
angiotensin II response did not differ in SCI versus controls, nor in Pre- versus Post-ULLS. 
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Deconditioning below the spinal cord lesion is an important consequence in SCI. In the SCI 
subjects in this study, leg volume was lower, indicating muscle atrophy, leg blood flow tended 
to be lower and LVR tended to be higher compared with controls. This is in accordance with 
previous observations of a significantly higher leg vascular resistance in SCI as compared with 
controls (25). While in our study, ULLS did not lower baseline leg blood flow, as assessed 
by plethysmography, we are confident that deconditioning did occur. Using echo Doppler 
ultrasound, we demonstrated that the diameter of the common and superficial femoral artery 
significantly decreased after ULLS in the same group of subjects, while overall blood flow 
in these arteries was unchanged (5). This corresponds with ultrasound data on diameter and 
blood flow in SCI (9). Changes in diameter without alterations in baseline blood flow have also 
been shown in training studies, where an increase in femoral artery diameter occurred without 
changes in baseline blood flow (11). Finally, since there was a significant decrease of 22% in 
strength of the quadriceps muscle, the ULLS model evidently caused deconditioning of the leg. 
This decrease in maximum voluntary contraction closely agrees with previous reports of a 13-
21% reduction after 10 days to 6 weeks of unloading, which was invariably accompanied by 
muscular atrophy as assessed by MRI or CT measurements (3, 12, 23, 41, 45).
We assessed the contribution of NO to baseline vascular tone by quantifying the 
vasoconstrictor response to L-NMMA. Fundamental to this technique is achievement of 
maximal inhibition of NO synthase. In our SCI, their matched controls, and in the Pre-ULLS-
tests, LVR did not further increase during the final L-NMMA dose, which indicates that a 
maximal vasoconstrictor effect was achieved. This maximal vasoconstrictor response to 
L-NMMA (L-NMMA caused a 35-40% decrease in leg blood flow in the controls of the 
SCI-study and before ULLS) is very similar to a 31% decrease in forearm blood flow when 
L-NMMA is infused into the brachial artery of healthy subjects (50). So, despite the dependent 
position of the leg to the heart during standing, the contribution of NO to baseline vascular 
tone seems comparable in the vascular beds of the leg and arm. The maximal dose of 
L-NMMA used in previous studies was comparable to our 0.1 mg·min-1·dl-1 dose (19, 30). If, 
in analogy with these studies, we limited the analysis to the lower three doses, our results and 
conclusion did not change. After ULLS, the vasoconstrictor response to the final L-NMMA dose 
(0.4 mg·min-1·dl-1) was higher than with the previous dose (0.2 mg·min-1·dl-1). Although this 
may indicate that maximal vasoconstriction was not achieved, data from a pilot study showed 
that the higher dose of 0.8 mg·min-1·dl-1 of L-NMMA did not cause further vasoconstriction 
in the leg of healthy volunteers. Finally, if the vasoconstrictor response to L-NMMA was not 
maximal in the Post-ULLS test, then this would point towards augmented NO-mediated effects 
by moderate deconditoning. Augmented NO-mediated effects by deconditioning would be a 
strong argument against our hypothesis. 
The results of the present study indicate that short-term and long-term deconditioning 
of skeletal muscle does not reduce the contribution of NO to baseline vascular tone in 
humans. Therefore, the observed increase in vascular resistance after deconditioning (25, 
29, 46) cannot be explained by a reduced role of NO in baseline vascular tone. Training, i.e. 
the opposite of deconditioning, caused an increased basal NO production in the forearm 
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vascular bed of both healthy individuals (30) and hypercholesterolemic patients (35, 51), 
and an increase in nitrite-nitrate level after 8 weeks of cycle training (37). Since these studies 
suggest that exercise can improve baseline NO availability in humans, the results of the 
present study were unexpected. Data on the effects of long-term training (months-years) on 
endothelial function are limited. However, baseline NO production was similar in endurance-
trained athletes and controls (31). It has been proposed that changes in endothelial function 
represent short-term adaptations to training and are eventually replaced by structural or other 
adaptations (18). This is illustrated by the observation that the endothelial function in forearm 
vessels of long-term tennis players was similar in the dominant and non-dominant arm (17). 
One should take notice that these subjects played tennis for 13 hours per week and that this 
may have resulted in concomitant training of the non-dominant arm. 
Data on the effects of deconditioning on the NO pathway are scarce. In agreement 
with our results, deconditioning induced by casting for arm fractures, does not change the 
vasoconstrictor response to infusion of L-NMMA in the forearm in a cross-sectional study after 
cast removal (19). Our data provide additional information, since they are derived from both a 
cross-sectional and a longitudinal intervention study, and are not biased by the effects of trauma 
and fracture healing on baseline blood flow. Plasma nitrite-nitrate concentration decreased in 
one bed rest study (29), suggesting an impaired endothelial NO production, while in another 
bed rest study no changes in urinary nitrite-nitrate excretion occurred (7). As compared with 
the nitrite-nitrate method, which reflects total body NO metabolism, our approach more 
specifically quantifies the role of NO in baseline vascular tone after deconditioning. 
Previous animal studies have mimicked physical inactivity by hindlimb unloading and 
report conflicting results. Some studies demonstrate a decreased endothelial nitric oxide 
synthase (eNOS) expression in the endothelial cells of both conductance and resistance 
vessels, and an attenuated maximal vasodilatation to acetylcholine suggesting a decrease 
of endothelial NO release by hindlimb unloading (10, 27, 44). In contrast, another study 
demonstrated no alterations of eNOS expression, but an increase in aortic inducible NOS 
(iNOS) content following hindlimb unloading (49).
After reduction of blood flow in animals by partial ligation of conduit arteries, baseline 
NO synthesis is reduced, which may trigger arterial remodeling and atherosclerosis (42, 43). 
However, the present study suggests that a reduction in blood flow or increase in vascular 
tone in humans is not explained by a diminished endogenous NO release under baseline 
conditions. Although, in the present study baseline NO synthesis is not affected, the NO release 
upon different stimuli may still play a role in arterial remodeling and in the vulnerability to 
atherosclerosis. Nevertheless, application of a stimulus is an artificial setting, since it is highly 
unlikely that the leg vascular bed of SCI is exposed to triggers that increase NO release. In this 
regard, it is interesting to realize that flow-mediated dilatation of the superficial femoral artery, 
based on endothelial NO release in response to a shear stress stimulus, is preserved and 
seems to be enhanced in the chronically inactive legs of SCI (9) and after 4 weeks of ULLS (5). 
However, these data are derived from a conduit artery in response to a shear stress stimulus 
and cannot predict the response to acetylcholine or comparable drugs on the arteriolar level 
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(20). Moreover, in animals the short-term and long-term effects of exercise training on the NO 
pathway differ between conduit and resistance arteries (34).
In the SCI and the ULLS model the physical inactivity is most prominent in the part of the 
body below the spinal cord lesion and in the suspended leg, respectively. One might argue 
that increased activity of the upper body and of the non-suspended leg could have systemic 
effects on endothelial function, masking the effect of inactivity on endothelial NO release. 
However, in the ULLS subjects the physical activity score tended to be lower after ULLS 
arguing against a training effect of walking with crutches. It has been debated whether the 
effects of training on endothelial function are localized or systemic in nature. Leg training 
causes changes in baseline NO production (30) and improves endothelial function (36) in 
the arms. However, evidence exists that changes in endothelial function occur predominantly 
locally in the exercised limbs (1, 16, 32). In SCI neither systemic cardiovascular effects 
(40) nor local vascular effects of deconditioning (26) can be normalized with upper body 
training. Recently, Thijssen et al (48) demonstrated that the adaptation to leg exercise is a 
local phenomenon and only occurs in the stimulated leg muscles. Collectively these data 
provide evidence that upper arm exercise and even exercise of adjacent muscle by electrical 
stimulation does not affect the vasculature in the non-exercised leg muscles in SCI. Based on 
the previous arguments we believe that our results are not confounded by systemic effects of 
increased upper body physical activity. 
In the present study we used spinal cord injury as a unique model of nature to investigate 
adaptations in the peripheral circulation in response to extreme deconditioning. As valuable 
as information is from this patient population, one should be cautious to extrapolate this 
information to the general population, since other conditions unique to spinal cord injury 
can influence the results, such as impaired supraspinal sympathetic control. However, 
recent human studies have shown that endothelial function does not change after chronic 
sympathectomy (13). In addition, adaptations in the circulatory system in SCI are reversible by 
functional electrostimulation training (14, 25), providing more evidence that these adaptations 
primarily result from deconditioning. We used ULLS as a second model of deconditioning. 
Since healthy subjects participated in this part of the study, loss of supraspinal control was 
not a confounder. The observations on the NO pathway in the ULLS-studies are in close 
agreement with the observations in the SCI-study. 
In conclusion, the results of the present study demonstrate a preserved contribution of NO to 
baseline vascular tone in deconditioned leg skeletal muscle in man.
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Abstract
Deconditioning is a risk factor for cardiovascular disease. The physiology of vascular adaptation 
to deconditioning has not been elucidated. The purpose of the present study was to assess the 
effects of bed rest deconditioning on vascular dimension and function of leg conduit arteries. 
In addition, the effectiveness of resistive vibration exercise as a countermeasure for vascular 
deconditioning during bed rest was evaluated. Sixteen healthy men were randomly assigned 
to bed rest (BR-Ctrl) or to bed rest with resistive vibration exercise (BR-RVE). Before and after 
25 and 52 days of strict horizontal bed rest arterial diameter, blood flow, flow-mediated 
dilatation (FMD), and nitroglycerin-mediated dilatation were measured by echo Doppler 
ultrasound. In the BR-Ctrl group, the diameter of the common femoral artery decreased by 
13 ± 3% after 25 and 17 ± 1% after 52 days of bed rest (P<0.001). In the BR-RVE group this 
decrease in diameter was significantly attenuated (5 ± 2% after 25 days and 6 ± 2% after 
52 days, P<0.01 versus BR-Ctrl). Baseline blood flow did not change after bed rest in either 
group. After 52 days of bed rest, FMD and nitroglycerin-mediated dilatation of the superficial 
femoral artery were increased in both groups, possibly by increased nitric oxide sensitivity. 
In conclusion, bed rest deconditioning is accompanied by a reduction in the diameter of the 
conduit arteries and by an increased reactivity to nitric oxide. Resistive vibration exercise 
effectively attenuates the diameter decrease of leg conduit arteries after bed rest.
Introduction
Physical inactivity or deconditioning is an independent risk factor for atherosclerosis and 
cardiovascular disease (3, 38). In a prospective observational study, improvement of physical 
fitness decreased cardiovascular mortality risk by 51% (3). Endothelial dysfunction plays 
an important role in the pathogenesis of cardiovascular disease and is directly related to 
cardiovascular mortality (29). Cross-sectional studies have demonstrated a lower vascular 
dimension (24) and endothelial function (19) in sedentary subjects as compared with 
exercise-trained individuals. This may either reflect downregulation by physical inactivity or 
upregulation by exercise training. Although changes in blood flow after deconditioning have 
been observed in humans, data on vascular dimension and endothelial function are scarce. 
Moreover, the underlying physiological mechanism of vascular adaptation to deconditioning 
in humans has not been elucidated.
Longitudinal deconditioning intervention studies have demonstrated the detrimental effects 
of bed rest on muscle function (2, 5), bone density (5), and orthostatic tolerance (13, 23). 
Previous studies on vascular adaptation to deconditioning interventions are restricted to flow 
measurements and have mainly focused on the arm vascular bed (15, 47, 48). In most of these 
studies, the effect of physical inactivity on blood flow is confounded by the effects of head-
down tilt on plasma volume (15, 47, 48). Because of their role in standing and locomotion, 
the legs more accurately reflect the intense deconditioning during bed rest. Vascular 
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remodeling as a result of deconditioning will be reflected in changes in vascular dimension. 
Moreover, endothelial function is of paramount importance for vascular remodeling and in 
the pathogenesis of cardiovascular disease. Therefore, the purpose of the present study was to 
assess the effect of horizontal bed rest deconditioning on vascular dimension of leg and arm 
conduit arteries and on endothelial function of a leg conduit artery. 
Exercise training has been shown to improve vascular dimension and endothelial function 
in longitudinal intervention studies (20, 33, 34), and exercise has been propagated as a 
countermeasure for orthostatic intolerance in both space travelers (12) and hospitalized 
patients (13). Therefore, a second purpose of the study was to evaluate the effectiveness 
of exercise as a countermeasure for vascular adaptation to bed rest. Resistive vibration 
exercise has recently emerged as a training modality that increases oxygen uptake (42), leg 
blood flow (28), muscle strength (43, 51) and bone density (51). As such, we hypothesized 
that resistive vibration exercise would counteract the vascular changes induced by bed rest 
deconditioning. 
Methods
Subjects
Sixteen healthy men (age 34 ± 2 years) participated in this study and represent a sub-
population of the Berlin Bed Rest study. All subjects were screened with a medical history and 
physical examination and did not have any medical problems. None of the subjects suffered 
from diabetes or cardiovascular disease, or used any medication. Cholesterol and triglyceride 
levels were in the normal range (Table 1). Smoking was not used as an exclusion criterion, but 
smoking was prohibited during the bed rest trial. Subjects were randomly assigned to bed rest 
(BR-Ctrl) or bed rest with resistive vibration exercise (BR-RVE). All subjects gave their written 
informed consent. The Ethics Committee of the Medical School of the Free University Berlin 
has approved the Berlin Bed Rest study, and the current experiment within it.
Procedures
The vascular characteristics of all subjects were measured 3 times: 2 days before, and 25 and 
52 days after bed rest deconditioning (BR-2, BR25, and BR52, respectively). 
Bed rest protocol
After the initial series of experiments, subjects were placed at complete horizontal bed rest. 
All personal hygiene activities were performed in supine position. Subjects were housed in 
a dedicated clinical ward of the University Hospital Benjamin Franklin. The subjects were 
monitored with video cameras to guarantee compliance with the bed rest protocol. In 
addition, the monitoring with force transducers of the vertical forces generated by the subjects 
ensured strict bed rest and avoidance of powerful movements. The diet of the subjects was 
controlled carefully.
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Resistive vibration exercise
The subjects who were randomly assigned to the BR-RVE group were exposed to resistive 
vibration exercise (RVE) twice daily for 30 minutes (8 minutes pure exercise time), with the 
exception of Sundays and Wednesday afternoons. RVE was performed with a device that 
was specifically manufactured for the Berlin Bed Rest study with modifications for the use 
during supine bed rest (Galileo Space, Novotec, Pforzheim, Germany). The subjects attached 
themselves to the device with four supporting belts. The subjects pushed their feet against 
the device’s footplate and pulled on the hand and hip belts, this caused elongation of the 
springs and generated a force resisting the body extension. Force transducers at the end of 
each spring yielded the platform reaction force. The vibration of the footplate was elicited by 
an eccentric rotation of a mass that was phase shifted by 180° for the right and left part of the 
footplate. By virtue of that construction (preset vibration frequency), the acceleration of the 
eccentrically rotating mass changes with vibration frequency. Hence, the greater the vibration 
frequency, the greater the peak platform reaction force elicited on the exercising subjects. At 
the beginning of each training session, the length of the supporting belt was adjusted so that a 
certain resting platform reaction force was created in full knee extension. Then, four different 
exercise units were performed:
1.  Squatting exercise: Knees were stretched from 90° to full extension in cycles of 6 seconds. 
This unit was targeted at the knee extensors.
2.  Heel raises: With the knees in almost complete extension, the heels were raised as long 
as the subjects could sustain this. After briefly resting back on the foot platform, the heels 
were raised anew. This unit was targeted at the foot plantar flexors.
3.  Toe raises: With knees almost in complete extension, the toes were raised as long as 
possible. After briefly relieving, the toes were raised anew. This unit was targeted at the 
foot dorsal flexors.
4.  ‘Kicks’: The knees were extended from 90° flexion to extension as quickly and forcefully as 
possible. Between each of these 10 ‘kicks’, subjects relaxed completely for 10 seconds.
For each training session, the units 1-4 were done once and in ascending order. There was one 
morning session and one in the afternoon. In the morning sessions, exercise units 1-3 were 
performed for at least 60 seconds. If subjects managed to perform them for 100 seconds, the 
vibration frequency was increased. Initially, the vibration frequency was set to 19 Hz. In the 
afternoon, subjects were asked to exercise with a lower resting platform reaction force (60-80 
% of the value achieved in the morning), and to run through units 1-3 for 60 seconds each, 
with as many iterations as possible. Trained staff members supervised all training sessions.
Measurements
In order to reduce circadian and dietary effects, measurements were performed at the same 
time of day in each individual subject, and meals were identical for each subject on the days 
of the measurements. All subjects refrained from caffeine and alcohol from midnight, and from 
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vitamin C supplements for 24 hours. On the testing days, subjects did not perform exercise 
prior to testing. Due to the scheduling of the measurements it was impossible for the subjects to 
be tested in a fasting state. However, after midnight the diet was carefully controlled. Subjects 
received low fat meals and meals were identical for each measurement. Measurements were 
performed after an acclimatization period of at least 20 minutes after instrumentation. Blood 
pressure and heart rate were measured at the onset of the measurement. Blood pressure was 
measured manually using the standard auscultatory method. Heart rate was derived from the 
electrocardiogram.
Ultrasound measurements
Resting blood cell velocity and diameter of the common femoral artery (CFA) and superficial 
femoral artery (SFA) were measured in the left leg, using an echo Doppler device (Megas, 
ESAOTE, Firenze, Italy) with a 5-7.5 MHz broadband linear array transducer (16, 17). The 
angle of inclination for the velocity measurements was consistently below 60 degrees and the 
vessel area was adjusted parallel to the transducer. In addition resting blood cell velocity and 
diameter were measured in the right brachial artery and in the left common carotid artery. 
The brachial artery represented a conduit artery supplying a limb that is subject to less intense 
deconditioning during bed rest. The common carotid artery was included as a reference 
vessel. 
For reactive hyperemia and flow-mediated dilatation (FMD) of the SFA, a cuff was placed 
around the left upper thigh 3-4 cm below the bifurcation of the CFA. The cuff was inflated 
to a suprasystolic pressure of 220 mmHg for 5 minutes. After cuff deflation, hyperemic 
flow velocity in the SFA was recorded on videotape for the first 25 seconds, followed by a 
continuous registration of the vessel diameter for 5 minutes to determine FMD. Studies in 
the radial and brachial conduit arteries have proven that the vasodilatation response to the 
hyperemic response after 5 minutes of distal arterial occlusion is endothelium- and NO-
dependent (21, 35). Therefore, our FMD response most likely reflects endothelium–dependent 
dilatation. Endothelium-independent vasodilatation of the SFA was determined in 12 subjects. 
After a resting period of at least 20 minutes to reestablish baseline conditions, a systemic 
dose of nitroglycerin (0.4 mg) was administered sublingually to determine the endothelium-
independent vasodilatation of the SFA, which is indicative for smooth muscle function and 
nitric oxide responsiveness. Vessel diameter of the SFA was continuously recorded between 2 
and 6 minutes after nitroglycerin administration. We have reported the reproducibility for the 
measurements in the SFA previously as 1.5% for diameter, 14% for blood flow, and 15% for 
relative FMD changes (17). 
Data analysis
Ultrasound
For resting diameter measurements, two consecutive longitudinal vessel images were frozen 
at the peak systolic and end-diastolic phase and analyzed off-line. Three measurements were 
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performed per diameter image. Mean diameter was calculated as (1/3 · systolic diameter) 
+ (2/3 · diastolic diameter). The average of 10-12 Doppler spectra waveforms was used to 
calculate peak velocity and mean velocity. Mean blood flow (ml·min-1) was calculated as 1⁄4 · 
π · (mean diameter)2 · mean velocity (cm·s-1) · 60; peak blood flow (ml·min-1) was calculated 
as 1⁄4 · π · (systolic diameter)2 · peak velocity (cm·s-1) · 60, regional peak wall shear rate (PWSR, 
s –1) was calculated as 4 · peak velocity / systolic diameter and mean wall shear rate (MWSR, 
s –1) was calculated as 4 · mean velocity / mean diameter. 
Reactive hyperemic blood flow was calculated from blood velocity 15 to 25 s after cuff 
release and the baseline vessel diameter. Although maximal reactive hyperemia may occur 
slightly earlier, we used this time frame to obtain data from all measurements in all subjects. 
In addition, we made the assumption that the diameter 15-25 s after cuff release is similar to 
baseline diameter. Delta PWSR and delta MWSR were defined as the differences between rest 
and hyperemic responses. Vessel diameters after reactive hyperemia were measured off-line 
from videotape at 50, 60, 70, 90, 120, 180, and 240 seconds after cuff release and at 2, 3, 
3.5, 4, and 5 minutes after nitroglycerin administration. FMD and endothelium-independent 
vasodilatation were expressed as relative (%) diameter change from baseline of the end-
diastolic diameter. Since the FMD response is directly proportional to the magnitude of the 
stimulus (30), the FMD response was also expressed relative to the delta shear rate. Ratios were 
calculated for the FMD/delta PWSR and FMD/delta MWSR. The ratio between the maximal 
FMD and endothelium-independent, nitroglycerin-mediated vasodilatation was expressed as 
FMD/NMD. Ultrasound analysis has been described in more detail previously (17).
Statistical analysis
Data are presented as means ± SEM. Differences in the response to bed rest between the 
BR-RVE group and the BR-Ctrl group were tested with repeated-measures ANOVA with time 
as within subject factor and group as between subject factor (Statistical Package for Social 
Sciences, SPSS 12). The time factor represents the overall effect of bed rest. The time by group 
factor was used to test the effect of the RVE countermeasure. Statistical significant differences 
between the groups were further analyzed with unpaired T-tests at day BR25 and day BR52. 
Differences were considered to be statistically significant at P<0.05. 
Results
Subjects
There were no significant differences between the groups for any of the baseline characteristics 
(Table 1). All subjects completed the study. During the bed rest period the subjects in the BR-
RVE group were exposed to 89 exercise sessions of approximately 30 minutes (8 minutes pure 
exercise time). 
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Table 1  Baseline characteristics.
BR-RVE BR-Ctrl
Number 8 8
Age, years 33  ± 2 34 ± 3
Body mass, kg 79.5 ± 3.8 76.8 ± 1.8 
Height, cm 184 ± 3 182 ± 2
Blood pressure, mmHg
 Systolic 119 ± 5 118 ± 2
 Diastolic 75 ± 3 73 ± 3
Heart rate, beats · min-1 68 ± 3 67 ± 2
Exercise, hours · week-1 2.8 ± 0.9 2.9 ± 1.4
Smokers 3 4
Ex-smokers 2 1
Cholesterol (mmol · l-1) 4.9 ± 0.3 4.8 ± 0.3
Triglyceride (mmol · l-1) 1.4 ± 0.2 1.2 ± 0.2
BR-Ctrl, bed rest group; BR-RVE, bed rest group with resistive vibration exercise. Smokers smoked in the 6 months 
previous to the study, ex-smokers stopped smoking before this period. Data are represented as means ± SEM.
Heart rate and blood pressure
During the bed rest period, resting heart rate increased significantly in the BR-Ctrl group 
(P<0.05, Table 2). Changes in heart rate during bed rest were significantly different between 
the BR-Ctrl and BR-RVE group and heart rate was significantly lower in the BR-RVE group 
compared with the BR-Ctrl group at BR25 and BR52 (P<0.05, Table 2). Blood pressure did not 
change significantly during bed rest and was not different between the groups.
Table 2  Mean values of heart rate and blood pressure during bed rest.
Duration of bed rest (days)
Before 25 52
Heart rate, beats · min-1
 BR-RVE† 68 ± 3 62 ± 2* 66 ± 2*
 BR-Ctrl† 67 ± 2 70 ± 2 74 ± 1
MAP, mmHg
 BR-RVE 90 ± 3 91 ± 2 92 ± 1
 BR-Ctrl 88 ± 2 93 ± 2 91 ± 1
BR-Ctrl, bed rest group; BR-RVE, bed rest group with resistive vibration exercise. Data are represented as means ± 
SEM. † Time-course different between BR-RVE and BR-Ctrl group and significant increase in BR-Ctrl group, P<0.05. 
* Significantly lower as compared with control, P<0.05. 
Diameter and blood flow of the common and superficial femoral artery
The data for the CFA in the exercise group are based on 7 subjects, because the diameter of 
the CFA could not be assessed in one subject due to vessel wall irregularities. The diameter 
of the CFA and SFA decreased significantly during bed rest (P<0.001 for time). This decrease 
was significantly attenuated in the exercise group compared with the BR-Ctrl group in both 
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the CFA and SFA (Figure 1A and 1C, P= 0.001 and P<0.001 for group · time, respectively). 
The blood flow in the CFA and SFA did not change during bed rest and did not differ between 
the groups (Figure 1B and 1D). 
Figure 1  Changes during bed rest in diameter and blood flow of the common femoral artery (panel A and B) and 
superficial femoral artery (panel C and D). BR-Ctrl, bed rest group; BR-RVE, bed rest group with resistive vibration 
exercise. Data are represented as means ± SEM. The brackets represent the ANOVA results (at the bottom of the 
figures for time and next to legend for group · time). * P<0.05 and ** P<0.01.
Diameter and blood flow of the brachial and carotid artery
The diameter of the brachial artery decreased significantly during bed rest (P=0.016 for time) 
but did not differ between the exercise and control group (Figure 2C). The diameter of the 
carotid artery, and the blood flow in the brachial artery and in the carotid did not change 
during bed rest (Figure 2A, 2B, and 2D).
Reactive hyperemia, flow-mediated dilatation and nitroglycerin-mediated 
dilatation of the superficial femoral artery
Reactive hyperemic blood flow did not significantly decrease after bed rest in both groups (BR-
Ctrl: from 989 ± 98 to 716 ± 58 ml·min-1, BR-RVE: from 1119 ± 104 to 1076 ± 107 ml·min-1). 
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Figure 2  Changes during bed rest in diameter and blood flow of the carotid artery (panel A and B) and brachial 
artery (panel C and D). BR-Ctrl, bed rest group; BR-RVE, bed rest group with resistive vibration exercise. Data are 
represented as means ± SEM. The bracket represents the ANOVA results (time). * P<0.05.
At day BR25, one FMD measurement in the control group and one in the exercise group 
failed, therefore the ANOVA is based on 14 subjects. FMD increased significantly during bed 
rest (P=0.007, Figure 3A, n=14). This increase tended to be less in the exercise group than in 
the BR-Ctrl group (P=0.07). FMD was lower in the exercise group than in the BR-Ctrl group 
on day BR25 (P=0.008), but not on day BR52 (P=0.55). Nitroglycerin-mediated dilatation 
increased significantly over time (P=0.002, n=12) with no difference between the groups 
(Figure 3C). These findings for FMD and nitroglycerin-mediated dilatation were similar if 
absolute instead of relative changes in diameter were analyzed. FMD corrected for MWSR 
did not change significantly over time nor between groups over time (Figure 3B, n=14). 
Changes in FMD corrected for nitroglycerin-mediated dilatation were significantly different 
between groups (Figure 3D, n=10). At day BR25 corrected FMD tended to be lower in the 
exercise group (P=0.05).
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Figure 3  Flow-mediated dilatation and nitroglycerin-mediated dilatation of the superficial femoral artery (SFA). A. 
Flow-mediated dilatation (FMD, n=14). B. FMD corrected for mean wall shear rate (MWSR, n=14). C. Nitroglycerin-
mediated dilatation (NMD, n=12). D. FMD corrected for NMD (n=10). BR-Ctrl, bed rest group; BR-RVE, bed rest 
group with resistive vibration exercise. Data are represented as means ± SEM. The brackets represent the ANOVA 
results (at the bottom of the figures for time and next to legend for group · time). ** P<0.01. # P=0.05.
Discussion
This study is the first to characterize the adaptation of diameter and endothelial function of the 
leg conduit arteries to bed rest deconditioning. The diameter of the common and superficial 
femoral arteries decreased after bed rest, while baseline blood flow did not change. Both 
flow-mediated dilatation and endothelium-independent dilatation of the superficial femoral 
artery increased significantly after bed rest, indicating increased reactivity to nitric oxide after 
bed rest, possibly by increased nitric oxide sensitivity or increased smooth muscle sensitivity 
to vasodilators. In addition, this is the first study to demonstrate that resistive vibration exercise 
can effectively attenuate the diameter decrease of conduit arteries of the leg. 
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Bed rest deconditioning and vascular dimension
After bed rest without exercise, the diameter of the CFA decreases by 13% and 17%, at BR25 
and BR52, respectively. This suggests that most of the adaptation in arterial diameter occurs 
in the first 4 weeks of bed rest deconditioning. After 4 weeks of hindlimb unloading in rats, 
an animal model for physical inactivity and microgravity, the lumen diameter of the femoral 
artery also decreased significantly by approximately 8% (54). Furthermore, our results are in 
agreement with a 12% decrease in diameter of the CFA after 4 weeks of deconditioning by 
unilateral lower limb suspension in humans (4) suggesting a same degree of deconditioning 
in several models of physical inactivity. However, in the paralyzed legs of spinal cord-injured 
individuals the diameter of the CFA is 30% smaller than in healthy control subjects (16). This 
adaptation is completed within 6 weeks after the occurrence of a spinal cord injury (16). Hence, 
the decrease in arterial diameter appears to be larger in spinal cord-injured individuals than in 
able-bodied, immobilized individuals. This can be attributed to the presence of some physical 
activity of the legs during bed rest as opposed to no activity because of paralysis. Notably, the 
time-course of arterial diameter adaptation is very similar in bed rest and spinal cord injury. 
The adaptation of conduit artery diameter to bed rest deconditioning may reflect structural 
and/or functional changes. Nitroglycerin 0.4 mg sublingually has been shown to produce a 
maximal vasodilatation in both coronary and brachial arteries (10, 36). In addition, maximal 
dilatation of the femoral artery to nitroglycerin closely resembles maximal vasodilatation 
in response to another strong vasodilator stimulus, 12 minutes of ischemia combined with 
ischemic exercise (4). Therefore, the response to nitroglycerin can be used as a measure of 
near maximal arterial diameter in the SFA (Figure 4). Overall, maximal diameter decreased 
with bed rest (P<0.01), suggesting that structural changes occur in conduit arteries in response 
to bed rest.
Figure 4  Changes during bed rest in maximal diameter of the superficial femoral artery in response to nitroglycerin 
(n=12). Changes in maximal diameter reflect structural changes in the artery. BR-Ctrl, bed rest group; BR-RVE, bed 
rest group with resistive vibration exercise. Data are represented as means ± SEM. The brackets represent the ANOVA 
results (at the bottom of the figures for time and next to legend for group · time). ** P<0.01.
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The decrease in brachial artery diameter of 5% was small compared to the effect of bed rest 
deconditioning in the legs. This may be attributed to the specific antigravity and locomotion 
functions of the legs. After 7 days of bed rest, baseline diameter of the brachial artery did not 
change (7), this is probably due to the shorter duration of bed rest in that study. The lack of 
effect of bed rest on carotid artery diameter can be explained by the minor effect of physical 
inactivity on the cerebral circulation.
Bed rest deconditioning and blood flow
Baseline leg blood flow did not decrease after bed rest. Former studies used plethysmography 
and reported a decrease in leg blood flow at the arteriolar level (14, 27, 31, 39). All these 
studies applied 6 degree head-down tilt bed rest (14, 27, 31, 39). Louisy et al. demonstrated 
that a large portion of the decrease in blood flow was already present after 1 day of head-
down tilt bed rest (31). In the first 24-48 hours, head-down tilt bed rest causes a pronounced 
decrease in plasma volume (11), which may be responsible for a large part of the blood flow 
decrease in these studies. In contrast, Bonde-Petersen et al. also used plethysmography but 
reported no changes in leg blood flow after 20 days of horizontal bed rest (6). Interestingly, 
Takenaka et al. used echo Doppler ultrasound in the same subjects and reported a decrease 
in leg blood flow (49). It is not possible to make a detailed comparison with our echo Doppler 
data since Takenaka et al. did not report on changes in diameter and velocity.
The present findings are in agreement with a previous study of deconditioning due to 
unilateral lower limb suspension in human volunteers (4). After limb suspension, diameter 
of the leg conduit arteries decreased, whereas leg blood flow did not decrease. Furthermore, 
even in extreme deconditioning due to paralysis after spinal cord injury, with a dramatic 
decrease in arterial diameter, several studies have reported no differences in resting leg blood 
flow, as measured with echo Doppler ultrasound (17, 37). Studies using exercise training have 
provided clues that conduit arteries adapt primarily to peak blood flow and peak oxygen 
demand during exercise (20, 33). Baseline diameter seems to adapt to maximal blood flow 
during bouts of exercise rather than to resting blood flow (20, 33). In the present bed rest 
study the loss of periods of high blood flow and high shear stress in the group without exercise 
would explain the decrease in arterial diameter, without changes in baseline blood flow. In 
agreement with the results in the legs, blood flow in the arm did not change during bed rest.
Bed rest deconditioning and endothelial function
FMD, indicative for endothelial function, was significantly increased after 52 days of bed 
rest. This corresponds with an increase in FMD after 28 days of deconditioning by lower 
limb suspension (4) and with an increase in FMD in the paralyzed legs of spinal cord-injured 
individuals (17). However, when FMD is corrected for its eliciting stimulus mean wall shear 
rate (30) the increase in FMD is no longer statistically significant in the present and the cited 
(4, 17) studies. In the present study, the shape of the figure changes very little when this 
correction for shear rate is applied, with an increase in standard error (Figure 3A and 3B). This 
suggests that the number of subjects is too low for this type of correction. However, correction 
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of FMD for peak instead of mean wall shear rate results in a trend towards increased FMD 
after bed rest (P=0.059) with a significant difference between groups (P=0.018). Likewise, in 
a previous study virtually all spinal cord-injured individuals had a higher FMD response per 
delta shear rate (17). Moreover, bed rest deconditioning causes a significant increase of FMD 
of the brachial artery (7). Combined these data provide evidence that FMD increases after 
deconditioning. 
In hindlimb unloaded rats, endothelium-dependent vasodilatation of the lower abdominal 
aorta in response to acetylcholine is reduced. This decrease in vasodilatation is probably due 
to endothelial dysfunction, but changes in smooth muscle cell NO sensitivity may also be 
responsible (18). At the level of the resistance arteries and arterioles, endothelium-dependent 
vasodilatation and NO synthase (NOS) expression are reduced in the soleus muscle after 
unloading (26, 46, 53), whereas endothelium-independent vasodilatation is enhanced 
(26). Therefore, animal data largely suggest a reduction in endothelium-dependent dilation 
combined with changes in NO responsiveness at the level of the smooth muscle cells. In 
contrast, an upregulation of inducible NOS has also been demonstrated after hindlimb 
unloading (45, 50). The changes in endothelial function in this animal model and our human 
model are distinctly different. Apart from interspecies differences, hindlimb unloading causes 
more microgravity effects than horizontal bed rest. In addition, most changes in rats were 
observed in the soleus muscle with a decrease in baseline blood flow in the absence of 
changes in endothelial function in the gastrocnemius muscle (53), whereas in our study blood 
flow did not change. Nevertheless, the animal data do illustrate that deconditioning may also 
alter smooth muscle responsiveness.
In the present study, FMD corrected for endothelium-independent dilatation does 
not increase after 52 days of bed rest (Figure 3D). This suggests that mainly nitric oxide 
responsiveness or general vasodilator responsiveness of the smooth muscle cell is enhanced 
after bed rest and not endothelial function and nitric oxide availability. In contrast, exercise 
training in animals and humans with endothelial dysfunction and vigorous exercise in 
healthy subjects specifically increases endothelium-dependent dilatation (34). Therefore, 
the physiological mechanism of the increase in vascular function as a result of exercise 
or deconditioning appears to be fundamentally different and seems to be located in the 
endothelium for exercise and mainly in the smooth muscle cell for bed rest deconditioning.
Exercise countermeasure and vascular dimension
It has been suggested that increase in arterial diameter after exercise training is due to 
expansive remodeling in response to peak shear stress during exercise (20, 33). Parallel to this 
reasoning, the observed decrease in diameter after bed rest may represent inward remodeling 
as an adaptation to diminished exposure to periods of high shear stress. The 16% decrease 
in maximal diameter of the SFA in the BR-Ctrl group was attenuated to 5% in the BR-RVE 
group (Figure 4, P<0.01), suggesting that resistive vibration exercise significantly attenuated 
the effect of bed rest on blood vessel structure. Resistive vibration exercise has been shown 
to increase heart rate (41), oxygen uptake (41), and leg blood flow (28). Therefore, periods of 
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high shear stress are not absent in the BR-RVE group, which explains the observed attenuation 
of the decrease in baseline and maximal arterial diameter in the BR-RVE group. Nevertheless, 
the stimulus of RVE on the conduit arteries is probably too low to completely prevent vascular 
adaptations to bed rest. Moreover, the lack of increase in heart rate after 52 days of bed 
rest in the BR-RVE group as opposed to the BR-Ctrl group suggests that RVE is an effective 
countermeasure for some aspects of bed rest deconditioning. In accordance, resistive exercise 
has been shown to be an effective countermeasure against other detrimental effects of bed 
rest, such as loss of muscle size and function (1). Whether the effect of RVE is due to the 
vibration exercise component, the resistive exercise component or the combination of both 
cannot be determined in the current study design. 
Exercise countermeasure and endothelial function
The FMD and nitroglycerin-mediated response did not differ between the BR-Ctrl and BR-RVE 
group before and after 52 days of bed rest. Nevertheless, the BR-RVE group appears to follow 
a different time-course of adaptation, with significant differences between groups after 25 
days of bed rest. Possibly, RVE only delays the adaptation of endothelial function to bed rest, 
while the reactivity to nitric oxide increases similarly in both groups. One might argue that 
in the BR-RVE group exercise should have caused an increase in flow-mediated dilatation. 
However, 52 days of bed rest represents an immense deconditioning stimulus, specifically 
in the legs. In addition, vigorous systemic exercise is needed to improve endothelium-
dependent dilatation in healthy subjects without endothelial dysfunction (9). Therefore, it is 
well conceivable that in our bed rest study the deconditioning stimulus on the endothelium 
overruled the exercise stimulus.
Limitations
Endothelium-dependency of flow-mediated dilatation has been established more extensively 
in the conduit arteries of the arm than of the leg. However, both Rubanyi and Pohl have 
demonstrated that an intact endothelium is required for flow-mediated dilatation of the 
femoral artery (40, 44). Studies of flow-mediated dilatation in the arm have shown that 
both ischemia at the measurement site and prolonged ischemia (15 minutes) decrease the 
contribution of NO to flow-mediated dilatation (21, 35). Since we measured FMD proximal 
of the arterial occlusion cuff and in response to 5 minutes of ischemia, our results likely reflect 
endothelium-dependent dilatation.
In the setting of the study it was not possible to perform the measurements in the fasting 
state. Because FMD is decreased after high fat meals (22, 52), we carefully controlled the 
subjects’ diets. Subjects received identical, low fat meals before each measurement. Baseline 
arterial diameter and FMD are not affected by low fat meals (22, 52). Therefore, we are 
confident that we minimized the confounding effects of food intake. 
Part of the subjects smoked until the start of the study. Smokers were equally distributed 
among the BR-Ctrl and BR-RVE groups. Although there have been reports that smoking may 
not affect endothelium-dependent dilatation (25, 32), most evidence suggests that smoking 
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decreases FMD (8). In this hallmark study by Celermajer et al, former smokers with an average 
time since cessation of 6 years tended to have better flow-mediated dilatation than current 
smokers (8). To our knowledge, data on the effect of short-term cessation of smoking of 
maximal 8 weeks on endothelium-dependent dilatation are lacking. Our FMD results were 
similar if smokers were excluded from the analysis. Therefore, smoking does not appear to 
have an important influence on our results. 
In conclusion, the diameter of the leg conduit arteries decreases after bed rest, while baseline 
blood flow remains unchanged. Both flow-mediated dilatation and endothelium-independent 
dilatation of leg arteries increase significantly after bed rest, indicating increased reactivity to 
nitric oxide after bed rest, possibly by increased nitric oxide sensitivity or increased smooth 
muscle vasodilator capacity. In addition, resistive vibration exercise can effectively attenuate 
the diameter decrease of conduit arteries of the leg, but seems only to delay the effect of bed 
rest on endothelial function. 
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Abstract
Venous function may be altered by bed rest deconditioning. Yet the contribution of altered venous 
compliance to the orthostatic intolerance observed after bed rest is uncertain. The purpose of 
this study was to assess the effect of 18 days of bed rest on leg and arm (respectively large and 
small change in gravitational gradients and use patterns) venous properties. We hypothesized 
that the magnitude of these venous changes would be related to orthostatic intolerance. Eleven 
healthy subjects (10 men, 1 woman) participated in the study. Before (pre) and after (post) 18 
days of 6º head-down tilt bed rest, strain gauge venous occlusion plethysmography was used to 
assess limb venous vascular characteristics. Leg venous compliance was significantly decreased 
after bed rest (pre: 0.048 ± 0.007 ml·dl-1·mmHg-1, post: 0.033 ± 0.007 ml·dl-1·mmHg-1, p<0.01), 
whereas arm compliance did not change. Leg venous flow resistance increased significantly 
after bed rest (pre: 1.73 ± 1.08 mmHg·ml-1·dl·min, post: 3.10 ± 1.00 mmHg·ml-1·dl·min, 
p<0.05). Maximal LBNP tolerance, which was expressed as cumulative stress index (pressure 
⋅ time), decreased in all subjects after bed rest (pre: 932 mmHg⋅min, post: 747 mmHg⋅min). 
The decrease in orthostatic tolerance was not related to changes in leg venous compliance. 
In conclusion, this study demonstrates that after bed rest, leg venous compliance is reduced 
and leg venous outflow resistance is enhanced. However these changes are not related to 
measures of orthostatic tolerance; therefore alterations in venous compliance do not to play a 
major role in orthostatic intolerance after 18 days of head-down tilt bed rest.
Introduction 
Humans exposed to microgravity by bed rest or spaceflight show signs of “cardiovascular 
deconditioning”, including resting and orthostatic tachycardia (1), reduced exercise capacity 
(1, 8, 9, 13, 21), and orthostatic intolerance (1). Several potential causes for orthostatic 
intolerance have been described, such as hypovolemia (1, 17), cardiac changes resulting in 
lower stroke volume (29), diminished vasoconstrictor capacity (4), and diminished autonomic 
reflex function (24, 34). While venous hemodynamics play an essential role in cardiovascular 
homeostasis and are critical in determining venous return and thus cardiac filling and stroke 
volume (42), their role in orthostatic intolerance after bed rest and spaceflight in humans 
remains unclear. 
Recent studies in hindlimb unloaded rats have shown an increase in systemic and mesenteric 
venous compliance and attenuation of the effect of norepinephrine on the reservoir function 
in these capacitance beds (14, 15). These studies suggest that altered venous hemodynamics 
may contribute to the excessive reduction in stroke volume in the upright posture, observed 
universally after microgravity exposure. In humans, previous studies of venous vascular 
properties in the leg after bed rest or spaceflight show conflicting results, with some studies 
reporting an increase in leg compliance (5, 12, 33), others reporting no changes (2, 16, 35, 
49), and one study reporting a decrease (7). In only three of these studies orthostatic tolerance 
116 Chapter 7 117Venous function after bed rest  
or lower body negative pressure (LBNP) tolerance was examined (2, 16, 35), and none of the 
studies addressed the relationship between changes in venous compliance and changes in 
orthostatic tolerance. If such a relationship is present it is possible to assess whether changes 
in venous compliance play a detrimental or beneficial role in the pathogenesis of post bed 
rest orthostatic intolerance. In contrast to subjects after bed rest or spaceflight, patients with a 
spinal cord injury, and thus severe prolonged deconditioning, clearly have decreased venous 
compliance (25). This adaptation has been hypothesized as being an important adaptive 
mechanism, which may protect these patients, with lack of supraspinal sympathetic control, 
from orthostatic hypotension. 
It is unclear whether the adaptations in the venous system of the leg in humans reflect 
a generalized systemic adaptation of the venous vasculature, similar to that observed in 
animals, or rather a regionally specific phenomenon related to altered hydrostatic gradients 
or to disuse atrophy. We reasoned that for upright humans, since hydrostatic forces and 
use patterns differ between the legs and the arms, the adaptation of these vascular beds to 
microgravity may differ and thus may be used to distinguish between local versus generalized 
“deconditioning effects”. If a systemic effect is present then generalized venous changes, 
for instance in the mesenteric region may importantly alter orthostatic tolerance. In a recent 
study a limited, but significant effect of pelvic venous pooling on LBNP tolerance was shown 
(22). The aim of this study therefore was to assess changes in venous properties (capacitance, 
compliance, and venous flow resistance) of the leg and arm before and after 18 days of strict 
head-down tilt bed rest in healthy subjects. In addition, we hypothesized that there would be 
a direct, linear relationship between changes in venous vascular properties and changes in 
LBNP tolerance.
Methods
Subjects
Eleven healthy subjects (10 men, 1 woman) participated in the study after providing written 
informed consent. These subjects represent a subset of subjects whose information regarding 
cardiac compliance (29) and regulation of muscle sympathetic nerve activity (39) has been 
reported previously. Their mean age was 24 ± 6 years (range 18 to 33), height averaged 178 ± 
4 cm, and weight 79.1 ± 9.7 kg. Subjects did not smoke, did not use recreational drugs, and 
had no significant medical problems as determined by medical history and a comprehensive 
physical examination. Body composition was obtained by use of standard underwater 
weighting techniques (46). None of the subjects was endurance-trained and subjects were 
excluded if they exercised more than three times a week for more than 30 minutes with either 
dynamic or static exercise. The study was approved by the Institutional Review Boards of the 
University of Texas Southwestern Medical Center and Presbyterian Hospital of Dallas.
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Procedures
Bed rest protocol
After the initial series of experiments, subjects were placed at complete bed rest, with 6º 
head-down tilt. The subjects were allowed to elevate on one elbow for meals, but otherwise 
were restricted to the head-down position at all times. They were housed in the General 
Clinical Research Center at the University of Texas Southwestern Medical Center and they 
were given a standard diet, consisting of 2857 ± 629 cal·day-1 including 5.3 ± 1.2 g·day-1 of 
sodium. Fluids were allowed ad libitum, but all fluid intake and urine output was carefully 
recorded. The same series of experiments were repeated after 18 days of bed rest.
Lower body negative pressure
LBNP was achieved by placing the subject in a Plexiglas box, sealed at the level of the iliac 
crest. Suction was provided by vacuum pump controlled with a variable autotransformer. 
Experimental conditions and protocol
Mercury strain gauge venous occlusion plethysmography (3, 51) was used to assess leg and 
arm venous vascular characteristics. For pre and post bed rest measurements, subjects were 
placed in the supine position with the leg and arm slightly elevated 15-20º above heart level. 
Subjects were supine for 20-30 minutes before the start of the measurements. They were not 
allowed to sleep before or during data collection. After instrumentation of the subject, test 
procedures were started with a venous occlusion of 20 mmHg, followed by subsequent cuff-
pressures of 40 mmHg, 60 mmHg, and 80 mmHg. The effective pressure on the venous system 
was estimated as 0.8 · cuff pressure (3). The occlusions at 20, 40, 60, and 80 mmHg were 
sustained for 1, 2, 3, and 4 minutes, respectively. One-minute breaks between occlusions 
allowed for new baseline formation and prevented excessive edema formation. This protocol 
was designed with relatively short venous occlusions to emphasize assessment of the venous 
contribution to calf and arm compliance rather than capillary filtration, as has been reported 
previously (49). Based on pilot data the protocol allowed us to achieve a plateau in virtually 
all cases. In six subjects, studied 3-4 times over a period of one year, the typical error of this 
measurement (calculated as coefficient of variation) was 9.6%. 
Maximal orthostatic tolerance was measured using a ramped LBNP test, as described 
earlier (29). In short LBNP started at –15 mmHg and then increased to –30 and –40 mmHg 
for 5 minutes each, followed by an increase in LBNP by –10 mmHg every 3 minutes until 
signs or symptoms of presyncope were achieved. Presyncope was defined as a decrease in 
systolic blood pressure below 80 mmHg; or a decrease below 90 mmHg with symptoms of 
lightheadedness, nausea, or diaphoresis; or progressive symptoms of presyncope causing the 
subject to request a discontinuation of the test. True hemodynamic end points were reached 
in 95% of the tests. The cumulative stress index (CSI, mmHg·min) was calculated as the sum 
of the product of negative pressure and duration at each level of LBNP and was used as a 
continuous measure of orthostatic tolerance.
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Measurements
Venous occlusion plethysmography
Mercury-in-silastic strain gauges were stretched around the largest girth of the right calf and 
forearm. Thigh and upper arm pressure cuffs were connected to a rapid cuff inflator (Model EC-
4, Hokanson, Bellevue, Washington, USA) to ensure rapid and accurate filling and deflating 
of the cuff. Data signals were amplified and printed on a strip chart recorder (Astromed) 
after which they were analyzed manually. A typical individual venous occlusion curve and 
pressure-volume curve are illustrated in Figure 1. From the plethysmographic recordings the 
following parameters were calculated, the method of analysis of recordings was described 
in detail elsewhere (25). Briefly, venous volume variation (VVV in ml·dl-1) was defined as 
the maximal relative volume increase in the limb at a certain cuff pressure; VVV at different 
occlusion pressures represents the pressure-volume curve. Compliance (ml·dl-1·mmHg-1) 
was derived from the slope of the pressure-volume curve. Venous emptying rate (VER in 
ml·min-1·dl-1) was calculated as the slope of the tangent at the curve 0.5 seconds after cuff 
release (3). The time 0.5 s after cuff deflation was chosen to avoid any cuff artifact. The effective 
pressure of the cuff on the venous system at 0.5 s was calculated by using the pressure-
volume curve (3). A pressure-emptying (PE) curve was then drawn, indicating the relationship 
between effective cuff pressure and the venous emptying rate. Venous flow resistance (VFR in 
mmHg·ml-1·dl·min) was calculated, by analogy with Ohm’s Law, as 1 divided by the slope of 
the pressure-emptying curve (3).
Limb volume
Leg and arm circumferences were measured at fixed positions before and after the bed rest 
period. Total limb volume was then calculated using a Simpson’s rule type of summation of 
multiple disks, as described by Thornton (47, 48).
Statistics
For each individual subject compliance and venous flow resistance were determined from 
the individual pressure-volume and pressure-emptying curve. Variables were compared 
before and after bed rest with a paired student t-test using SPSS 10.0 computer software 
(SPSS Inc., Chicago, Illinois, USA). Data are presented as means ± SD. The pressure-volume 
and pressure-emptying curves present means ± SEM. To test for a linear relationship between 
changes in leg compliance and changes in LBNP tolerance a linear regression analysis was 
performed. The statistical significance level was set at 5%.
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Figure 1  A: venous occlusion curve, B: individual pressure-volume (P-V) curve of the leg, C: individual pressure-
emptying (P-E) curve of the leg. Venous volume variation (VVV in ml·dl-1) is the volume increase at a certain 
occlusion pressure. Multiple VVV form a pressure-volume curve. Compliance is then derived from the slope of this 
curve. Venous emptying rate (VER, ml·min-1·dl-1) is derived from the tangent 0.5 s after cuff release. One divided 
by the slope of the pressure-emptying curve represents venous flow resistance (VFR mmHg·ml-1·dl·min). Pv is the 
effective pressure on the venous system, Pv 0.5 is the effective pressure 0.5 seconds after cuff deflation.
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Results
Body mass and limb volume (n=10)
Body mass and limb volume before and after bed rest are presented in Table 1. Data are from 
10 subjects, because of missing data post bed rest of one subject. After 18 days of head-down 
tilt bed rest total body mass was unaltered, but average lean body mass decreased significantly 
by 1.9 kg. Arm and leg volume did not change during the bed rest period. 
Table 1  Body mass an limb volume before and after bed rest.
Variable Before bed rest After bed rest
Body mass, kg 78.7 ± 10.1 78.6 ± 10.8
Lean body mass, kg 63.5 ± 6.3 61.6 ± 6.6 *
Limb volume arm, ml 906 ± 116 909 ± 119
Limb volume leg, ml 9610 ± 1059 9738 ± 1160
Values are means ± SD. Data are from 10 subjects. * P< 0.05
Venous volume variation and compliance
Venous volume variations of the arm and leg are presented in Table 2. Figure 2 depicts the 
pressure-volume curves and their slopes, which define compliance. Venous volume variation 
of the leg was significantly lower at any given occlusion pressure after bed rest compared 
with pre bed rest, whereas no differences in venous volume variation could be observed 
in the arm. Compliance of the venous system of the leg was significantly decreased after 18 
days of bed rest (pre: 0.048 ± 0.007 ml·dl-1·mmHg-1, post: 0.033 ± 0.007 ml·dl-1·mmHg-1, 
P<0.01) and did not change in the arm (pre: 0.065 ± 0.014 ml·dl-1·mmHg-1, post: 0.064 ± 
0.016 ml·dl-1·mmHg-1).
Table 2  Venous Volume Variations of the arm and the leg before and after bed rest.
Pc (Pv), mmHg VVV leg, ml·dl-1 VVV arm, ml·dl-1
Before bed rest After bed rest Before bed rest After bed rest
20 (16) 1.14  ± 0.39 0.75 ± 0.25** 1.74 ± 0.43 1.63 ± 0.31
40 (32) 2.14  ± 0.76 1.28 ± 0.37** 3.09 ± 0.64 3.02 ± 0.83
60 (48) 2.80  ± 0.67 1.80 ± 0.45** 4.11 ± 0.78 4.01 ± 0.83
80 (64) 3.50  ± 0.69 2.31 ± 0.48** 4.87 ± 0.86 4.69 ± 0.94
VVV is venous volume variation, Pc is cuff pressure, (Pv) is venous pressure. Values are means ± SD. ** P< 0.01.
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Figure 2  Pressure-volume curves for the leg and the arm pre and post bed rest. Venous volume variations (VVV) are 
depicted with SEM. (Pv) is venous occlusion pressure. Venous compliance (Vc in ml·dl-1·mmHg-1) decreased in the 
leg, but not in the arm. ** P< 0.01.
Venous flow resistance
Venous flow resistance (the inverse of the slope of the pressure-emptying curve; Figure 3) 
increased significantly in the leg after the bed rest period (pre: 1.73 ± 1.08 mmHg·ml-1·dl·min, 
post: 3.10 ± 1.00 mmHg·ml-1·dl·min, P<0.05) and did not change in the arm (pre: 1.22 ± 0.32 
mmHg·ml-1·dl·min, post: 1.26 ± 0.64 mmHg·ml-1·dl·min). Venous flow resistance data are 
from 10 subjects due to insufficient data from one subject.
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Figure 3   Pressure-emptying curves for the leg and the arm pre and post bed rest. Venous emptying rates (VER) 
are depicted with SEM. Pv 0.5 seconds is venous pressure 0.5 s after cuff release. Venous flow resistance (VFR 
mmHg·ml-1·dl·min) was calculated as one divided by the slope of these curves, and increased in the leg, but not in 
the arm. Data are of ten subjects. * P < 0.05.
LBNP tolerance and its relation with leg venous compliance 
LBNP tolerance, expressed as cumulative stress index, was reduced post bed rest compared to 
pre bed rest in all subjects (pre: 931.6 ± 381.7 mmHg·min, post: 746.9 ± 238.7 mmHg·min, 
P<0.01).
The relation between changes induced by bed rest in leg venous compliance and changes 
in LBNP tolerance are depicted in Figure 4. Simple linear regression resulted in a correlation 
coefficient of 0.43, the R square was 0.19, the F-test had a significance of 0.183. Therefore, 
the correlation coefficient is not significantly different from 0 and in this data set there is no 
proof that a correlation is present. 
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Figure 4  Relationship between changes induced by bed rest in leg venous compliance and changes in lower body 
negative pressure (LBNP) tolerance. There is no significant relationship between these changes.  
Discussion
The primary new findings from the present study are: 1) 18 days of strict head-down tilt 
bed rest caused a significant reduction in venous volume variations, a decreased venous 
compliance, and an increased venous outflow resistance in the leg, while no changes 
occurred in the venous vascular properties of the arm; 2) In this data set no clear relationship 
could be detected between changes in leg venous compliance after head-down tilt bed rest 
and the induced reduction in orthostatic tolerance.
The results of our study indicated a significant reduction of approximately 30% in leg venous 
compliance after bed rest exposure and a significant reduction in venous volume variation, 
ranging from -34 to -54% depending on the cuff pressure applied. Bed rest can influence 
venous characteristics by several mechanisms. We will first focus on several mechanisms that 
can explain a decrease in venous compliance. Later on in the discussion we will examine 
potential explanations for different outcomes between this study and other studies. 
Possible mechanisms for a reduction in leg compliance with bed rest
First, bed rest is an extreme form of physical inactivity. Several studies have shown that 
calf venous compliance is decreased in sedentary subjects compared to endurance-trained 
athletes (32, 36). Some investigators have argued that physical activity affects venous 
compliance mainly through changes in the venous vessel wall, and less by changes in calf 
muscle mass (36). This interpretation is in accordance with the observation in the present study 
of significant changes in venous compliance in the absence of changes in leg volume and 
probably only minor changes in leg muscle mass. In other bed rest studies, muscle atrophy 
was more prominent and this may in part explain differences between studies as is discussed 
further below. Other investigators have also shown that calf compliance is decreased in 
sedentary compared to active subjects, and is even more decreased in spinal cord-injured 
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individuals (50). A spinal cord injury leads to muscle paralysis below the level of injury and 
may be considered as ‘a model of nature’ for extreme inactivity. One study investigating 
venous vascular function in chronic spinal cord-injured patients observed a 50% reduction 
in lower limb venous compliance compared with able-bodied individuals (25). Even when 
such patients have been studied in a relatively early phase, i.e., 8 weeks, after the injury, 
a 30% reduction in leg venous compliance in spinal cord-injured patients compared with 
healthy controls has been observed (19). Together these data provide convincing evidence 
that inactivity causes decreased venous compliance.
Second, head-down tilt bed rest not only reduces physical activity, but also alters 
gravitational gradients within the circulation which may have effects on venous vascular 
function both directly via hydrostatic forces, and indirectly via cardiovascular reflex 
responses. For example, in the upright posture in humans, hydrostatic forces exerted on leg 
veins are considerably higher than the hydrostatic forces affecting arm veins. The specific 
venous vascular effect of microgravity is therefore likely to be more pronounced in leg veins. 
In this study 18 days of strict bed rest deconditioning induced no significant differences in 
arm venous vascular properties, arguing against a systemic effect of bed rest deconditioning 
on the venous system. These findings are in agreement with the results of an earlier study (2), 
which showed no significant changes in arm venous compliance during a less strict 20-day 
bed rest regime. Similarly, a recent study reported diminished venoarteriolar responses in the 
skin of the legs after 14 days of head-down bed rest, while venoarteriolar responses in the 
arm were unchanged (52). This differential response provides further evidence that vascular 
function may be affected differently by head-down bed rest in the leg and in the arm due to 
either marked differences in the change in hydrostatic gradients, or possibly to differences in 
the changes in activity patterns in the upper versus lower limbs.
Another adaptation to the upright posture may be greater alpha-adrenergic receptor 
sensitivity in arteries of the leg than in the arteries of the arm (38). Moreover, as a result of 
sympathoexcitation via the muscle pressor reflex, pressure-volume curves in the arm and 
the leg are shifted downward, with no effect on compliance; thus the unstressed volume 
is decreased by sympathetic activation, while the distensibility is unchanged (23). Finally 
epinephrine and norepinephrine cause venoconstriction in the human forearm and alpha-
adrenoreceptor antagonists have been shown to increase forearm venous compliance (37). 
Furthermore, spaceflight and hindlimb unloading have been shown to decrease sensitivity 
to norepinephrine in alpha-1 adrenoreceptors in the rat vena cava (43). In a study by Wecht 
et al. a relationship between sympathetic vasomotor tone and venous compliance was 
shown for spinal cord-injured individuals and sedentary and active controls, with the most 
active subjects having the highest compliance (50). In addition, Fu has reported a negative 
correlation between baseline muscle sympathetic nerve activity and leg venous compliance 
and a negative relationship between changes in muscle sympathetic nerve activity and 
changes in leg venous compliance (20). Thus, when sympathetic activity increases leg 
compliance decreases. Together these findings suggest, but do not prove, that the sympathetic 
nervous system can affect venous vascular function, and may provide a unifying mechanism 
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for the wide variation in observations after bed rest and spaceflight. For example, data from 
the first and second Space Lab Life Sciences Program (SLS-1 and SLS-2) have demonstrated 
that during quiet standing after spaceflight, there was less, rather than more pooling of blood 
in the lower extremities (4). Subsequently, the Neurolab investigators (28) showed that 
sympathetic nerve activity directed to the skeletal muscle of the lower limb is increased in 
both the supine and upright positions after spaceflight, which could cause venoconstriction 
and therefore limit venous pooling. Although the resting sympathetic nerve activity was 
changed only minimally in the subjects reported in the present study (39), a wide range 
of alteration in resting sympathetic nerve activity by microgravity has been reported in the 
literature including a decrease (44), increase (26, 34, 45), and no change (39). We speculate 
that alterations in sympathetic nerve activity may be different among these studies, and that 
these alterations explain at least part of the differences in leg venous vascular properties. 
Assessment of venous characteristics during sympathetic activation before and after bed rest 
may provide additional insight, but was not possible using our study design.
Whether venous characteristics play an important role in the complex pathogenesis 
of orthostatic intolerance is still unclear. Some investigators have observed a decreased 
compliance in patients with idiopathic orthostatic intolerance. However, it is not clear 
whether these changes are beneficial or not (18). Similarly, the role of a decrease in 
compliance in the pathogenesis of post bed rest orthostatic intolerance is unclear. The venous 
system serves as a reservoir for adjustment to cardiovascular change. While a decrease in 
compliance may protect from venous pooling during standing, it also limits the reservoir 
function and thus the volume that can be mobilized by sympathetic stimulation or the muscle 
pump. Thus in our opinion the changes in compliance and venous volume variation reflect 
adaptations to microgravity and deconditioning, but these changes may be more or less 
beneficial, depending on the specific circumstances. However, the absence of a relationship 
between changes in compliance and changes in orthostatic tolerance in this study suggests 
neither a beneficial nor a detrimental role for venous characteristics of the leg in orthostatic 
intolerance following simulated microgravity. This absence of a relationship between changes 
in compliance and changes in orthostatic tolerance is in accordance with a study by Engelke, 
who demonstrated a decrease in orthostatic tolerance after bed rest in the absence of changes 
in leg venous compliance (16). 
The fact that we only used simple linear regression for the assessment of the role of changes 
in leg venous compliance in the development of post bed rest orthostatic intolerance leaves 
the possibility that there may be a role for venous changes, but that this role is overridden and 
masked by changes in other factors such as cardiac function and blood volume. However, if 
changes in venous compliance would play a dominant role in the pathogenesis of post bed 
rest orthostatic intolerance, then linear regression should have provided a significant result. 
Although we did not assess the role of abdominal or pelvic venous function, the absence 
of changes in venous compliance in the arms argues against systemic effects of bed rest on 
the venous system. Therefore, it is unlikely that systemic venous alterations contribute to 
orthostatic intolerance after bed rest.
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Venous flow resistance, which indicates venous elasticity and resistance to venous flow, 
increased by almost 80% in this study. Data on the effects of bed rest on venous emptying 
parameters are scarce. Louisy et al. reported an increase of approximately 30-50% in half 
emptying time after bed rest, which suggests increased venous flow resistance despite an 
increase in venous compliance (30, 33). In one of these studies venous emptying rate at 6 
seconds after cuff release was reported to be increased (30); however this can not be compared 
to our data which reflect early (0.5 s) and not late venous emptying (6 s). Early venous emptying 
may be a passive effect based on elastic recoil of the venous wall, while late venous emptying 
may be an actively regulated process (40). In accordance with our results, venous emptying rate 
at 0.5 s has been reported to be significantly lower in the spinal cord-injured population (25, 
50), with an almost doubled venous flow resistance (25). It has been postulated that this is due 
to decrease in venous cross-sectional area as a result of venous atrophy (25).
Comparison with previous bed rest and spaceflight studies
Differences in outcome among bed rest and spaceflight studies may be explained by several 
factors, in addition to the already discussed variation in sympathetic nerve activity changes. 
One additional explanation for the reported differences may be related to subject selection. 
Our subjects were essentially completely sedentary prior to the study. None of the other 
studies reported on the fitness status of their subjects, except for one study by Louisy et al. 
(31). In that study the subjects were very well trained divers and a great increase in compliance 
of 108% after bed rest was reported. In prior studies, increased compliance has been shown 
to be correlated to reduction in calf muscle volume (10, 12), and muscle atrophy has been 
postulated as an explanation for increased compliance, resulting in orthostatic intolerance in 
some (5, 6, 10-12, 33), but not all (27) studies. However, in the present study no leg or arm 
volume changes were observed during the bed rest period, indicating only minor muscle 
atrophy. Muscle atrophy after bed rest will likely be more pronounced in trained athletes. 
If other studies included subjects that were well trained and had more calf muscle volume, 
muscle atrophy may have had a disproportionately great influence on compliance and may 
have obscured other changes in calf venous properties favoring a decrease in compliance. In 
two separate studies Louisy and colleagues have shown that after an initial rise, compliance 
began to decrease after 20 or 26 days of bed rest (30, 33). While changes in compliance 
were related to changes in leg volume during the first 28 days, this relation was absent 
when compliance began to decline. We speculate that the initial rise may have been related 
primarily to prominent muscle atrophy in relatively trained subjects. After this atrophy had 
plateaued, the subsequent decrease in compliance reflected the primary effect of reduced 
hydrostatic gradients and vascular “deconditioning”. Additional support for this speculation 
can be found in a bed rest study of 118 days in subjects who were specifically selected by 
an extended physical examination of the Russian Space Agency and showed a decrease in 
venous compliance (7). This study provides further evidence that even in well trained subjects 
during induced deconditioning, after an initial increase, venous compliance will decrease 
due to factors other than muscle atrophy.
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Another explanation for differences among studies may be related to methodological 
differences in determining venous vascular properties. We chose this specific method 
because it makes our data directly comparable to the data from the SLS spacelab missions. 
Since our plethysmography method represents a more classical approach, it was modified 
to minimize the shortcomings that were recently addressed in a paper introducing a new 
method to measure venous compliance (23). Our method has been shown to be reproducible 
over prolonged periods of time with a typical error of measurement of <10%. The present 
study was designed to measure venous volume variation at multiple occlusion pressures, so 
we were able to construct pressure-volume curves and report true compliance, without the 
assumption of a venous pressure of zero at cuff pressure zero. Several studies (2, 11, 12, 30) 
measured venous volume variation at only one occlusion pressure. When a pressure-volume 
curve is constructed from measurements at multiple occlusion pressures the line of best fit 
often does not intersect the y-axis at zero, and the slope of this line represents compliance. 
Simply dividing the volume variation at one cuff pressure by that cuff pressure may easily 
over- or underestimate compliance. In a recent paper Risk argues for a biphasic or exponential 
approach to compliance analysis (41). However in this paper the linear model is described as 
a reasonable model, and as a good model for pressures between 25 and 45 mmHg. Based on 
the overall data presented in Figure 2 we are confident that a biphasic or exponential analysis 
of data would not have altered our conclusions.
In several studies (5, 30, 31, 33) the end of venous occlusion was defined as the volume 
change reaching a plateau. If prolonged occlusion periods are used to reach a plateau, 
and the slow volume increase at the end of the filling curve is only due to interstitial fluid 
accumulation, then compliance may be overestimated. Furthermore, if capillary filtration 
is increased after bed rest as was shown in a previous study (7) compliance is even further 
overestimated. In the present study breaks between occlusions allowed for new baseline 
formation to prevent unwanted effects of long maintained high venous pressures, such as 
edema formation and vascular wall “creep”. The protocol was designed with relatively short 
venous occlusions to emphasize venous contribution to volume variation rather than capillary 
filtration (49). With this protocol we managed to achieve a plateau in most of the cases. This 
plateau in limb volume represents a steady state between arterial inflow and venous outflow, 
therefore a decreased leg blood flow, as has been reported previously post bed rest (33) can 
not have caused an underestimation of venous compliance in the present study. 
In conclusion, we have demonstrated that 18 days of strict head-down tilt bed rest reduces 
venous volume variation and venous compliance in the legs, and increases venous outflow 
resistance. The fact that no such changes were observed in the arms suggests that this change 
is a direct effect of altered hydrostatic gradients and/or changes in physical activity rather than 
a systemic effect of bed rest deconditioning on the venous vascular system. We were unable 
to relate any changes in leg venous vascular properties to measures of orthostatic tolerance 
and thus conclude that, similar to findings after spaceflight, alterations in venous compliance 
do not play a major role in orthostatic intolerance after head-down tilt bed rest.
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Vascular adaptation and physical inactivity
The detrimental effects of physical inactivity and specifically the relationship between 
physical inactivity and cardiovascular disease are well recognized (62). The rationale for 
studying vascular adaptation to deconditioning is to provide insight into the physiological 
processes that explain the detrimental effects of physical inactivity on blood vessels. The focus 
of this thesis is on arterial and venous adaptation to physical inactivity in the arms and legs 
of humans. For the arterial system, changes in baseline blood flow, reactive hyperemic blood 
flow, vascular dimension, and endothelial function were studied. These parameters reflect 
different structural and functional characteristics of anatomically different parts of the arterial 
vasculature as is illustrated in Table 1. Historically, most studies focused on baseline blood 
flow and on hyperemic blood flow as a measure for resistance artery structural capacity. 
Recently, the attention has shifted to structural changes in conduit arteries and functional 
changes in both conduit and resistance arteries. The discussion is arranged according to this 
development. For the venous system the focus was on changes in venous capacitance and 
venous compliance. Venous capacitance and compliance are characteristics of the entire 
venous system, with large contributions from deep conduit veins and venules. The models 
of physical inactivity that were used in this thesis are unilateral lower limb suspension, bed 
rest, and spinal cord injury. General aspects of changes in the previously mentioned vascular 
characteristics in response to these models and other forms of physical inactivity will be 
discussed below. 
Table 1  Assessment of adaptation in the arterial system.
Blood vessel type (Technique) Baseline parameters Structural changes Functional changes
Arteries
Resistance arteries
(Plethysmography)
Baseline blood flow Reactive hyperemic 
blood flow
Baseline endothelial NO 
production
Stimulated endothelial NO 
production
Conduit arteries
(Ultrasound)
Baseline blood flow* Reactive hyperemic 
blood flow*
Baseline diameter Maximal diameter Flow-mediated dilatation 
(endothelium-dependent)
Nitroglycerin-mediated 
dilatation (endothelium-
independent)
NO, nitric oxide. Plethysmography, venous occlusion strain gauge plethysmography. Ultrasound, echo Dopppler 
ultrasound. *Although baseline blood flow and reactive hyperemic blood flow can be also be measured in the 
conduit arteries, they primarily reflect characteristics of the resistance arteries. 
Baseline blood flow and physical inactivity
Baseline blood flow can be measured at the level of the resistance arteries with venous 
occlusion strain gauge plethysmography or at the level of conduit arteries using echo Doppler 
ultrasound (Table1). However, baseline blood flow to skeletal muscle is primarily regulated by 
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the resistance arteries and is tonically controlled by the sympathetic nervous system. Resting 
muscle only extracts one third of the maximal amount of oxygen that muscle can extract 
from the blood (51). Therefore, the baseline blood flow to skeletal muscle is abundant with 
respect to oxygen delivery. Whereas physical training or deconditioning will most likely affect 
maximal hyperemic blood flow and consequently maximal oxygen delivery, the effect on 
baseline blood flow is harder to predict. 
In bed rest studies, deconditioning has little effect on baseline arm blood flow as 
assessed by plethysmography (2, 50, 53). In contrast, head-down tilt bed rest consistently 
causes a decrease in baseline calf blood flow (5, 6, 30, 38, 50). However, based on the 
similar time-course of these events, this decrease in resting blood flow is mostly due to the 
pronounced decrease in plasma volume after head-down tilt bed rest. In agreement with 
this notion, horizontal bed rest had no effect on resting calf blood flow as measured with 
plethysmography (2). However, in these same subjects, blood flow in the common femoral 
artery measured with echo Doppler ultrasound decreased (59). In this thesis, 52 days of bed 
rest did not affect baseline blood flow in the femoral artery, as measured with echo Doppler 
ultrasound (Chapter 6). Overall, there is little evidence that horizontal bed rest causes a 
decrease in resting skeletal muscle blood flow.
After cast immobilization of arms or legs as a treatment for bone fractures, baseline blood 
flow does not change (21, 34, 56). Notably, these studies are confounded by a possible 
increase in baseline blood flow due to repair process following trauma. Recently, a decrease 
in baseline blood flow in the femoral artery was demonstrated in healthy volunteers after one 
week of leg casting (58). In this thesis, four weeks of unilateral lower limb suspension did not 
change resting femoral artery blood flow (Chapter 4). However, in the same subjects baseline 
calf blood flow measured with plethysmography is significantly decreased after unilateral 
lower limb suspension, in the absence of changes in thigh blood flow. These findings may 
reflect a more pronounced effect of unilateral suspension on the vasculature of the calf than 
on thigh blood vessels. 
Studies, which applied plethysmography to the extremely inactive legs of spinal cord-
injured individuals (SCI), reported a lower baseline calf and thigh blood flow than in control 
subjects (25, 33). In this thesis, thigh blood flow assessed with plethysmography also tended 
to be lower in SCI as compared with healthy volunteers. However, several recent studies in 
SCI have reported no differences in resting leg blood flow, as measured with echo Doppler 
ultrasound compared with matched control subjects (11, 48). Interestingly, 3 months of 
aerobic exercise also did not affect resting leg blood flow as measured with ultrasound (1, 
14, 40). It is therefore possible that the variability in velocity profiles makes echo Doppler 
ultrasound measurements less sensitive than plethysmography measurements for the detection 
of small changes in baseline blood flow.
In conclusion, there is no definitive evidence that training or deconditioning causes a 
change in baseline limb blood flow. Differences in results between the studies are most likely 
due to regional differences in deconditioning effects of each inactivity model. In addition, 
differences in measurement technique may explain some of the observed inconsistencies. 
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The physiological implications of a decrease in baseline blood flow are not straightforward. 
Baseline blood flow is the result of baseline vascular tone of resistance arteries and blood 
pressure. Deconditioning plays an important role in the deterioration of chronic heart failure 
patients and this is partly attributed to a decrease in peripheral blood flow and increase in 
vascular tone, which increases cardiac afterload (46). Nevertheless, information on structural 
and functional changes of blood vessels in response to deconditioning may be more valuable 
than data on baseline blood flow. 
Reactive hyperemic blood flow and physical inactivity
Reactive hyperemic blood flow refers to the phenomenon of an increase in blood flow after 
a period of ischemia or ischemic exercise and is the result of dilatation of resistance vessels. 
Reactive hyperemic blood flow can be measured with venous occlusion plethysmography 
or echo Doppler ultrasound. Measuring reactive hyperemia is a tool to evaluate structural 
changes in the circulation, particularly at the level of the resistance arteries (29). 
Exercise training uniformly increases reactive hyperemic blood flow, and thus arteriolar 
capacitance in the arm and leg (18, 40, 55, 57). Moreover, in older subjects most of the 
increase in maximal oxygen consumption after training was related to an increase in peak leg 
blood flow of 50% (1). The results of deconditioning on reactive hyperemic blood flow are 
more diverse.
After 2 weeks of bed rest deconditioning, forearm reactive hyperemic blood flow measured 
with plethysmography decreased (54), whereas after one week of bed rest echo Doppler 
ultrasound measurements did not demonstrate a change in reactive hyperemia (3). In the calf, 
reactive hyperemia and vascular conductance was reduced after 7 to 16 days of bed rest (15, 
17). In the Berlin Bed Rest study as described in this thesis (Chapter 6), reactive hyperemic 
blood flow in the superficial femoral artery decreased after 52 days in the subjects without an 
exercise countermeasure (Table 2). After cast immobilization of the arm and leg for 2 to 12 
weeks reactive hyperemia is decreased (34, 56). However, after 4 weeks of immobilization 
with lower limb suspension (Chapter 4), reactive hyperemia did not decrease significantly 
(Table 2). This is possibly due to less strict immobilization compared with cast immobilization 
and shorter duration of inactivity in the unilateral lower limb suspension trial (4 weeks) versus 
the Berlin Bed Rest study (8 weeks). In spinal cord-injured individuals reactive hyperemia is 
markedly lower than in control subjects (Table 2, data from subjects in Chapter 5). 
In summary, reactive hyperemic blood flow is reduced after deconditioning in most 
models of physical inactivity of sufficient duration. Collectively, these data suggest that 2 to 
8 weeks of deconditioning already causes structural changes in resistance arteries of limb 
skeletal muscle. These changes are importantly related to exercise capacity. In a follow up 
after 30 years of the participants in the Dallas Bed Rest and Training study, the observed 
decrease in maximal oxygen uptake during exercise was primarily due to impaired peripheral 
oxygen extraction, whereas maximal cardiac output did not change (41). The fact that 6 
months of endurance training could completely reverse the decline in aerobic power by aging 
in these men indicates physical inactivity as an important cause of this decline (42). Finally, 
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the improvement in aerobic power by training was again primarily the result of an increase in 
peripheral oxygen extraction and not of changes in maximal cardiac output (42). 
Table 2  Reactive hyperemic leg blood flow after deconditioning.
Inactivity model (duration) Measurement method (units) Reactive hyperemic blood flow
Before After
Longitudinal
ULLS (4wk) Plethysmography (ml·min-1·dl-1) 24 ± 3 22 ± 3
Ultrasound (ml·min-1) 941 ± 61 778 ± 72
Bed rest (8wk) Ultrasound (ml·min-1) 989 ± 98 716 ± 58**
Cross-sectional
SCI (years) Controls SCI
Plethysmography (ml·min-1·dl-1) 32 ± 5 16 ± 2*
Data are means ± SEM. ULLS, unilateral lower limb suspension. (4wk) and (8wk), effect of 4 and 8 weeks of 
deconditioning, respectively. SCI, spinal cord-injured individuals as compared with control subjects (Controls), 
data from subjects in Chapter 5. Plethysmography represents thigh venous occlusion strain gauge plethysmography. 
Ultrasound represents echo Doppler ultrasound in the superficial femoral artery. ** P<0.01 versus before. * P<0.05 
versus Controls. 
Conduit artery diameter and physical inactivity
Baseline conduit artery diameter
Baseline conduit artery diameter reflects both conduit vessel structure and functional vascular 
tone. Baseline conduit artery diameter increases in response to exercise training in both the 
leg (14, 44) and the arm (18). The diameter of the common femoral artery is 21% greater 
in road cycle athletes (27) and 30-37% smaller in SCI (10, 27) as compared with healthy 
sedentary controls. Previously, no information on the adaptation of conduit artery diameter 
to deconditioning interventions was available. The results of the studies presented in this 
thesis and the results in SCI are summarized in Figure 1. After 4 weeks of unilateral lower 
limb suspension, common femoral artery diameter decreases by 12% (Chapter 4: Figure 
2). This is in close agreement with a decrease in femoral artery diameter of 13% and 17% 
after, respectively, 25 and 52 days of bed rest (Chapter 6, Figure 1). The decrease in conduit 
artery diameter appears to be larger in spinal cord-injured individuals than in able-bodied, 
immobilized individuals (Figure 1). This can be attributed to the presence of some physical 
activity of the legs during bed rest and limb suspension as opposed to no activity in SCI 
because of paralysis. The time-course of adaptation after spinal cord injury and bed rest 
appears to be similar with most changes occurring in the first 4-8 weeks (10) (Chapter 6). 
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Figure 1  Change in diameter of the common femoral artery after deconditioning. ULLS, effects of unilateral lower 
limb suspension. BBR, effects of deconditioning in the Berlin Bed Rest study. SCI, changes in spinal cord-injured 
individuals as compared with control subjects. (4wk) and (8wk), effect of 4 and 8 weeks of deconditioning, 
respectively.
Studies using exercise training have provided clues that conduit arteries adapt primarily to 
peak blood flow and peak oxygen demand during exercise (14, 44). Baseline diameter of 
conduit arteries seems to adapt to maximal blood flow during bouts of exercise rather than 
to resting blood flow (14, 44). In the present studies the loss of periods of high blood flow 
and high shear stress would explain the decrease in conduit artery diameter, without changes 
in baseline blood flow. In this respect it is important to note that the primary regulation of 
baseline blood flow occurs at the level of the resistance and not the conduit arteries. The 
conduit artery adapts to accommodate maximal blood flow. 
Maximal conduit artery diameter
Since baseline diameter is the result of both vascular tone and structural remodeling, maximal 
diameter may be more suitable to specifically assess conduit artery structure (Chapter 
4)(47). The maximal vasodilatation response of conduit arteries to prolonged ischemia and 
nitroglycerin are reasonable indicators of the maximal attainable diameter (47). In SCI, the 
maximal diameter of the superficial femoral artery in response to 10 minutes of ischemia 
and nitroglycerin (0.4 mg sublingually) is markedly decreased by 33-35% (Figure 2B, data 
from Ref (11) ). After unilateral lower limb suspension, the maximal diameters in response 
to 13 minutes of ischemia with exercise and to nitroglycerin both decreased by 9% (Chapter 
4, Figure 5). After bed rest, maximal diameter decreased by 10-11% (Figure 2A, data from 
Chapter 6). In these models of physical inactivity, the decrease in baseline and maximal 
conduit artery diameter after deconditioning are of the same magnitude. This suggests that 
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changes in resting diameter do provide information on structural changes. The decrease 
in maximal conduit artery diameter after deconditioning represents structural inward 
remodeling. Inward remodeling plays an important detrimental role in the development of 
atherosclerotic stenosis (63) and may represent an important pathophysiological link between 
physical inactivity and the development of atherosclerotic disease. 
Figure 2  Maximal diameter of the superficial femoral artery in response to flow-mediated dilatation (FMD) and 
nitroglycerin-mediated dilatation (NMD). A. Response to bed rest, data from Berlin Bed Rest study, Chapter 6. B. 
Change after spinal cord injury, data from Ref (11). The maximal diameter is the sum of the baseline diameter and 
absolute increase in diameter during FMD and NMD. Pre, D25, and D52 represent before, and after 25 and 52 days 
of bed rest, respectively. SCI, spinal cord-injured individuals. C, control subjects ** P<0.01 for time-course during 
bed rest in panel A, P<0.01 versus controls for panel B.
Pre D25 D52  Pre  D25  D52
D
ia
m
et
er
 (
cm
)
0.0
0.2
0.4
0.6
0.8
1.0
FMD NMD
** **
C SCI  C  SCI
0.0
0.2
0.4
0.6
0.8
1.0
FMD NMD
** **
A
B
Absolute increase
Baseline diameter
Absolute increase
Baseline diameter
D
ia
m
et
er
 (
cm
)
138 Chapter 8 139General discussion  
Arterial vascular function and physical inactivity
Endothelium-dependent and endothelium–independent dilatation
Endothelial function of conduit arteries is commonly assessed with flow-mediated dilatation 
(8). Flow-mediated dilatation is also referred to as endothelium-dependent dilatation and 
is an indicator of shear stress-induced endothelial nitric oxide production. In contrast, 
nitroglycerin causes endothelium-independent vasodilatation, which is indicative for nitric 
oxide responsiveness and smooth muscle function (Table 1). Exercise training uniformly 
causes an increase in endothelium-dependent dilatation in the absence of changes in 
endothelium-independent dilatation (20, 23). In contrast, deconditioning after bed rest and 
lower limb suspension causes a simultaneous increase in both endothelium-dependent and 
-independent dilatation (Chapter 6, Figure 3 and Chapter 4, Figure 3). In SCI, the endothelium-
dependent dilatation, expressed as a percentage of baseline diameter, is markedly higher than 
in control subjects, whereas the endothelium-independent dilatation is higher, but does not 
reach statistical significance (11). In contrast to findings after bed rest (Figure 2A), the maximal 
diameter in response to reactive hyperemia and nitroglycerin is identical in SCI (Figure 2B). 
Therefore, structural changes in the vessel wall may impair the increase in nitroglycerin 
response in SCI. Collectively, the data from bed rest and lower limb suspension suggest that 
the adaptation to deconditioning interventions occurs also at the level of the smooth muscle 
cell, and not only in the endothelium. 
Several explanations for these changes in vascular function after deconditioning can 
be offered. First, basal nitric oxide production at the level of the conduit arteries may be 
decreased due to the absence of periods of high shear rate, with a subsequent decrease in 
diameter. Since periods of high shear rate remain absent, nitric oxide sensitivity may increase. 
Increased nitric oxide sensitivity would explain the increased endothelium-dependent and 
-independent dilatation in the studies in this thesis. Furthermore, a temporary hypersensitivity 
to nitric oxide also occurs after partial ligation of conduit arteries in mice (52). In this specific 
study Rudic demonstrated that changes in nitric oxide (NO) production and sensitivity play 
a central role in arterial inward remodeling. Second, smooth muscle cell responsiveness to 
vasodilators may be increased after deconditioning. Changes in smooth muscle cell function 
in conduit arteries have been reported in animal models of deconditioning, but the focus of 
these studies was on vasoconstrictor function (12, 13). The adaptation of vascular function to 
deconditioning occurs at the level of the endothelium and the smooth muscle cell, whereas 
training primarily affects the endothelium. Therefore, vascular adaptation to deconditioning 
and exercise is distinctly different.
Classical cardiovascular risk factors, such as smoking, hypercholesterolemia, hypertension, 
and hyperglycemia are all associated with a decrease in endothelium-dependent dilatation 
(65). Furthermore, endothelium-dependent dilatation of both coronary and peripheral 
arteries provides prognostic information on the occurrence of cardiovascular events 
(35). Characterizing the changes in vascular function after deconditioning will aid in the 
understanding of the link between physical inactivity and cardiovascular disease.
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Baseline vascular NO availability 
Endothelium-dependent dilatation provides a measure of endothelial function and NO 
production in response to a stimulus. With intra-arterial administration of the nitric oxide 
synthase (NOS) blocker NG-monomethyl-L-arginine (L-NMMA) baseline NO production in 
resistance arteries can de measured (Table 1). Baseline NO production importantly contributes 
to baseline vascular tone (28). The results presented in Chapter 5 indicate that short-term 
(unilateral lower limb suspension) and long-term (SCI) deconditioning of skeletal muscle 
does not reduce the contribution of NO to baseline vascular tone in humans. Therefore, 
the observed increase in vascular resistance after deconditioning (25, 30, 59) cannot be 
explained by a reduced role of NO in baseline vascular tone. In agreement with our results, 
deconditioning induced by forearm casting for fractures (21), did not alter baseline NO 
availability, as measured with the response to L-NMMA. Plasma nitrite-nitrate concentration 
is decreased after bed rest (30), suggesting an impaired endothelial NO production. However, 
in another bed rest study no changes in urinary nitrite-nitrate excretion occurred (3). As 
compared with the nitrite-nitrate method, which reflects total body NO metabolism, NOS 
blockade with L-NMMA more specifically quantifies the role of NO in baseline vascular tone 
after deconditioning.
Training, i.e. the opposite of deconditioning, caused an increased basal NO production in 
the forearm vascular bed after 4 weeks of cycle training (31), and an increase in nitrite-nitrate 
level after 8 weeks of cycle training (39). Although exercise training had no effect on baseline 
NO availability, assessed with L-NMMA, in several other studies (22), the current notion is 
that exercise can improve baseline NO availability in humans. Thus, the result of preserved 
NO availability after deconditioning was unexpected. It is important to notice that in all the 
studies on the effect of training low doses of L-NMMA were used (maximal 0.09 mg·min-1 per 
dl of tissue). Data from leg blood vessels in this thesis (Chapter 5) and from arm blood vessels 
(61) clearly demonstrate that this dose of L-NMMA does not completely block NO synthesis. 
Since an adequate L-NMMA dose-response curve is lacking, these studies do not provide 
definitive information on the effect of exercise on the role of NO in baseline vascular tone. 
Finally, most training studies applied acetylcholine infusion or reactive hyperemia before 
assessing baseline NO availability and the obtained results may not reflect a true baseline 
state.
Data on the effects of long-term training on endothelial function are limited. However, 
baseline NO production was similar in endurance-trained athletes and controls (32). It has 
been proposed that changes in endothelial function represent short-term adaptations to 
training and are eventually replaced by structural or other adaptations. This is illustrated by 
the observation that the endothelial function in forearm vessels of long-term tennis players 
was similar in the dominant and non-dominant arm (19). Rudic demonstrated in mice that 
structural vascular remodeling in response to a low flow state coincided with a decrease in 
basal NO production (52). In these experiments, basal NO production already started to 
normalize after 14 days, when the change in arterial diameter had become mostly structural. 
Therefore, it remains possible that baseline NO production in resistance arteries is decreased 
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only in the first two weeks of deconditioning. However, the present data from Chapter 5 
suggest that after 4 weeks of deconditioning the contribution of NO to baseline vascular tone 
is unaltered or back to baseline. 
Venous function and physical inactivity
Venous compliance is higher in endurance-trained subjects compared to sedentary controls 
(24, 37, 45). Deconditioning due to inactivity following spinal cord injury or aging causes 
a decrease in both venous capacitance and compliance (26, 49, 60, 64). It should be noted 
that aging does not represent a pure model of physical inactivity, but is confounded by 
other vascular effects of aging. Nevertheless, the reduction in venous compliance with 
aging is importantly smaller in trained subjects (24, 45) and this suggests that physical 
inactivity contributes to the decrease in venous compliance with aging. However, after bed 
rest deconditioning, most studies report either an increase (4, 7, 38) or no change in leg 
compliance (2, 16, 43). Muscle atrophy with loss of deep vein support has been proposed 
as the most important cause of the observed increase in compliance (6). In Chapter 7, we 
demonstrated a decrease in venous compliance and venous capacitance after bed rest, which 
is in accordance with other models of deconditioning, such as SCI and aging. In contrast 
to the subjects in most bed rest studies, these subjects were not well trained. Possibly, the 
decrease in muscle mass in response to bed rest and its enhancing effect on compliance 
was therefore less pronounced in our subjects. Louisy already suggested that next to muscle 
atrophy, which causes an increase in compliance, other factors such as venous tone and 
structural changes in the vessel wall can cause a decrease in venous compliance (38). In the 
study in chapter 7 these changes in the venous characteristics may have caused the observed 
decrease in compliance and capacitance. 
Although 4 weeks of unilateral lower limb suspension caused a decrease in venous 
capacitance, venous compliance was unaltered (Chapter 4). Calf circumference decreased 
in our ULLS study. Possibly the decrease in compliance based on vessel wall properties was 
masked by muscle atrophy and subsequent loss of vein support. Preliminary data from the 
Berlin Bed Rest study on conduit vein compliance, measured with ultrasound (9), suggest 
similar findings of a decrease in capacitance and no change in compliance after bed rest. 
Changes in venous characteristics during deconditioning are probably the sum of the 
opposing changes in the compartments and processes that determine capacitance and 
compliance, such as leg muscle mass, venous wall structure, and venous tone. In most 
cases the net result of deconditioning appears to be a decrease in venous capacitance and 
occasionally compliance, with the exception of bed rest in subjects with a large leg muscle 
mass. Based on the findings in chapter 7 changes in the venous system do not play an 
important role in the development of orthostatic intolerance after bed rest deconditioning.
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Implications of the studies and future directions
The studies in this thesis deal mainly with the changes in blood vessels in response to physical 
inactivity. This thesis contributes to a better understanding of the physiological process of 
vascular adaptation to physical inactivity. Venous capacitance, and occasionally venous 
compliance, decreases after deconditioning and via a reduction in preload may contribute 
to the reduction in exercise capacity after deconditioning. However, changes in the venous 
system do not play an important role in the development of orthostatic intolerance after bed 
rest deconditioning. 
Deconditioning does not affect baseline endothelial NO production at the level of the 
resistance arteries. Moreover, deconditioning improves both endothelium-dependent and 
endothelium-independent dilatation of conduit arteries. In contrast, it is evident from the 
literature that exercise improves baseline endothelial NO production and selectively increases 
endothelium-dependent dilatation. Therefore, functional arterial adaptations to inactivity are 
not simply the inverse of adaptations to exercise. This paradoxical finding can be rationalized 
by the notion that deconditioning primarily affects NO responsiveness and vasodilator 
capacity of vascular smooth muscle cells and has smaller effects on the endothelium. In 
animal studies a temporary decrease in endothelial NO production and increase in smooth 
muscle NO sensitivity initiate inward remodeling of conduit arteries. 
An important finding in this thesis is that even short-term adaptation in conduit artery 
diameter probably represents structural changes due to remodeling, rather than functional 
changes in vascular tone. The rapid decreases in baseline and maximal diameter of conduit 
arteries in response to deconditioning represents inward remodeling. Inward remodeling 
contributes importantly to blood vessel obstruction in atherosclerotic disease.
At this point, I would like to address the possible implications for clinical patient care of the 
present and previous studies. Although vascular adaptation to physical inactivity is not the 
exact opposite of vascular adaptation to exercise, the beneficial effects of exercise and the 
detrimental effects of physical inactivity on the cardiovascular system are clear. Furthermore, 
the evidence for physical activity as a primary and secondary prevention strategy of 
cardiovascular disease is abundant. Nevertheless, the attitude of most physicians towards 
lifestyle modification is despondent. Objections related to compliance and health care costs 
are often raised. Surprisingly, drug treatment in regular practice is not scrutinized as critically. 
The implementation of lifestyle changes can provide large health benefits. Naturally, there is 
a role for the government and the affected subjects. However, physicians should also advise 
lifestyle changes. Although not everyone is susceptible to suggestions for changes in lifestyle 
and compliance may be low, those who do take up some exercise will certainly benefit.  
 
Finally, I would like to indicate some future directions for research. Recently, the notion 
has evolved that adaptation to exercise or inactivity is distinctively different in conduit and 
resistance arteries (20, 36). Changes in conduit artery structure and function in response 
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to training and deconditioning represent an interesting and relatively new field. Previously, 
research has mainly focused on the resistance arteries and their role in hypertension and 
cardiovascular disease. However, changes in conduit arteries are certainly clinically 
relevant since atherosclerosis mainly occurs in these arteries. Ultrasound with wall tracking 
in combination with intra-arterial infusion of drugs provides a tool to study regulation of 
vascular diameter at the level of the conduit artery. Changes in this regulation during training 
and deconditioning may provide clues to the regulation of vascular remodeling. Specifically, 
it is important to learn when and how functional blood vessel changes become structural 
changes. Moreover, micro-array technology provides a tool to study the genetic modulation 
of functional and structural adaptation of both conduit and resistance arteries to physical 
inactivity and training. Insight into the regulation of vascular function and remodeling will 
provide important information on the pathogenesis of atherosclerosis.
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This thesis presents studies on vascular adaptation to physical inactivity and deconditioning. 
Although it is clear that physical inactivity is an important risk factor for cardiovascular 
disease, the underlying physiological mechanisms have not yet been elucidated. In contrast 
to physical inactivity, exercise decreases the risk for cardiovascular disease. This beneficial 
effect of exercise is partly due to changes in vascular function and structure. However, far less 
is known about vascular adaptation to physical inactivity. Therefore, structural and functional 
changes in both the arterial and venous system in response to deconditioning were studied 
in models of physical inactivity. Unilateral lower limb suspension, bed rest, and spinal cord 
injury were applied in this thesis as models of deconditioning.
In Chapter 1 physical inactivity is defined as not meeting the national guideline for physical 
activity. In addition, some data on the prevalence of physical inactivity are presented. 
Physiological regulation of arterial and venous function and structure is discussed briefly. 
Furthermore, a concise review of the current knowledge on vascular adaptation in models of 
physical inactivity and vascular adaptation to exercise training is presented. The end of the 
chapter deals with the purposes and hypotheses of the studies presented in this thesis and the 
applied research methods.
In Chapter 2 short-term (hours) and medium-term (week) reproducibility of forearm, calf and 
thigh blood flow measurement with venous occlusion plethysmography was determined for 
baseline and reactive hyperemic blood flow. Reproducibility was assessed by the coefficient 
of variation. Forearm, calf and thigh baseline and hyperemic blood flow measured by 
plethysmography had an acceptable to good short- and medium-term reproducibility. Short- 
and medium-term reproducibility of forearm and calf baseline blood flow were acceptable 
and thigh baseline blood flow had a good short- and medium-term reproducibility. Therefore, 
plethysmography is a suitable tool to assess changes in baseline and reactive hyperemic blood 
flow in the legs and arms in response to deconditioning interventions.
In Chapter 3 the use of the unilateral lower limb suspension (ULLS) model to study vascular 
adaptation to physical inactivity is described. In the ULLS model, which was originally 
developed by Berg, subjects use crutches for support while one leg is unloaded from 
weight bearing. The ULLS model has been used previously to study neuromuscular but not 
vascular adaptations to deconditioning. This model is probably not confounded by systemic 
microgravity effects. However, in this chapter a serious adverse effect of this model, i.e. deep 
venous thrombosis, is reported and precautionary measures are proposed.
In Chapter 4 arterial and venous adaptations after deconditioning by 4 weeks of unilateral 
lower limb suspension were studied. Arterial and venous characteristics of the legs were 
assessed by echo Doppler ultrasound and venous occlusion plethysmography. The diameter 
of the common and superficial femoral artery decreased by 12% after 4 weeks of ULLS. 
In addition, maximal diameter of the superficial femoral artery in response to nitroglycerin 
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decreased after ULLS. Baseline calf blood flow, as measured by plethysmography, also 
decreased. Both arterial diameter and calf blood flow returned to baseline values after 4 
weeks of recovery. Both endothelium-dependent and endothelium-independent dilatation 
of the superficial femoral artery increased after deconditioning. Exercise training selectively 
increases endothelium-dependent dilatation. Therefore, functional arterial adaptations to 
inactivity are not simply the inverse of adaptations to exercise. The venous pressure-volume 
curve is shifted downward after unilateral lower limb suspension, without any effect on 
compliance. This decrease in venous capacitance may attenuate cardiac preload and function 
during exercise. In conclusion, this study shows that deconditioning by 4 weeks of unilateral 
lower limb suspension causes significant changes in both the arterial and the venous system.
Chapter 5 focuses on the effect of deconditioning on a specific aspect of endothelial function, 
i.e. baseline endothelial nitric oxide (NO) production. In contrast to our hypothesis, the 
contribution of NO to baseline vascular tone was not affected by deconditioning of human 
skeletal muscle. This is remarkable since exercise training increases the contribution of NO 
to baseline vascular tone. Therefore, effects of deconditioning are not the inverse of effects of 
exercise training. Preserved contribution of NO to baseline vascular tone was confirmed in 
both extreme, long-term (spinal cord-injured individuals) and moderate, short-term (unilateral 
lower limb suspension) deconditioning. Deconditioning altered neither the vasoconstrictor 
response to blockade of endothelial NO production, nor the vascular responsiveness to 
exogenous NO. Moreover, deconditioning did not change the vasoconstrictor response to a 
control vasoconstrictor (angiotensin II), indicating that there were no non-specific changes in 
vasoconstrictive capacity in both models of deconditioning. In conclusion, two human in-
vivo models of deconditioning showed a preserved baseline NO availability in the leg skeletal 
muscle vascular bed.
In Chapter 6 the effect of bed rest deconditioning on vascular dimension and endothelial 
function of leg conduit arteries was studied. In addition, the effectiveness of resistive vibration 
exercise as a countermeasure for vascular deconditioning during bed rest was evaluated. 
Sixteen healthy men were randomly assigned to bed rest or to bed rest with resistive vibration 
exercise. The baseline and the maximal diameter of the leg conduit arteries decreased after 
bed rest, while baseline blood flow did not change. Both endothelium-dependent dilatation 
and endothelium-independent dilatation of leg conduit arteries increased significantly after 
bed rest, indicating increased reactivity to nitric oxide after bed rest, possibly by increased 
nitric oxide sensitivity or increased smooth muscle vasodilator capacity. In addition, resistive 
vibration exercise effectively attenuated the diameter decrease of conduit arteries of the leg, 
but appeared only to delay the effect of bed rest on endothelial function. 
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In Chapter 7 eighteen days of strict head-down tilt bed rest reduced venous capacitance and 
venous compliance in the legs, and increased venous outflow resistance. The fact that no 
such changes were observed in the arms suggests that this change is a direct effect of altered 
hydrostatic gradients and changes in physical activity rather than a systemic effect of bed 
rest deconditioning on the venous vascular system. We were unable to relate any changes in 
leg venous vascular properties to measures of orthostatic tolerance and thus conclude that 
alterations in venous compliance do not play a major role in orthostatic intolerance after 
head-down tilt bed rest.
Chapter 8 contains a general discussion of the results presented in this thesis, their relation to 
previous findings and their implications.
The studies in this thesis contribute to a better understanding of the physiological process 
of vascular adaptation to physical inactivity. Venous capacitance and occasionally venous 
compliance decreases after deconditioning and via a reduction in preload may contribute 
to the reduction in exercise capacity after deconditioning. However, changes in the venous 
system do not play an important role in the development of orthostatic intolerance after 
bed rest deconditioning. The baseline and maximal diameter of the leg conduit arteries 
decreased after ULLS and bed rest deconditioning. Therefore, even short-term adaptation in 
conduit artery diameter probably represents structural changes due to inward remodeling, 
rather than functional changes in vascular tone. This is clinically relevant, since inward 
remodeling contributes importantly to blood vessel obstruction in atherosclerotic disease. 
Since endothelial dysfunction is prognostic for the occurrence of cardiovascular disease and 
exercise corrects endothelial dysfunction, information on the effect of physical inactivity on 
endothelial function is important. Deconditioning does not affect baseline endothelial NO 
production at the arteriolar level. Moreover, deconditioning enhances both endothelium-
dependent and endothelium-independent dilatation of conduit arteries. In contrast, exercise 
enhances baseline endothelial NO production and selectively increases endothelium-
dependent dilatation. Therefore, functional arterial adaptations to inactivity are not simply 
the inverse of adaptations to exercise. 
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In dit proefschrift worden de aanpassingen van bloedvaten aan lichamelijke inactiviteit en 
deconditionering bestudeerd. Lichamelijke inactiviteit is een belangrijke risicofactor voor 
het ontstaan van hart- en vaatziekten. Het onderliggende fysiologische mechanisme van dit 
verhoogde risico is echter nog niet opgehelderd. In tegenstelling tot lichamelijke inactiviteit 
vermindert lichamelijke inspanning de kans op hart- en vaatziekten. Dit gunstige effect van 
lichamelijke inspanning is deels het gevolg van veranderingen in functie en structuur van de 
bloedvaten. Over de aanpassingen in bloedvaten bij lichamelijke inactiviteit is echter veel 
minder bekend. Dit was de aanleiding voor het bestuderen van structurele en functionele 
veranderingen in slagaders en aders in verschillende modellen van lichamelijke inactiviteit. 
In dit proefschrift werden bedrust, dwarslesie en het zogenaamde ULLS (unilateral lower 
limb suspension oftewel eenzijdige beenophanging) gebruikt als modellen voor lichamelijke 
inactiviteit.
In Hoofdstuk 1 wordt lichamelijke inactiviteit gedefinieerd als het niet voldoen aan de 
Nederlandse Norm Gezond Bewegen. Ook worden enkele gegevens over de prevalentie 
van lichamelijke inactiviteit verstrekt en wordt de fysiologie van functie en structuur van 
slagaders en aders kort besproken. Bovendien wordt de huidige kennis over aanpassingen 
van bloedvaten bij zowel lichamelijke inactiviteit als activiteit kort weergegeven. Tenslotte 
worden de doelen en de hypotheses van de studies in dit proefschrift en de gebruikte 
onderzoeksmethoden besproken.
In Hoofdstuk 2 wordt de reproduceerbaarheid op korte (uren) en middellange termijn 
(week) bepaald van metingen middels veneuze occlusie plethysmografie van de basale 
en hyperemische bloedstroom in de onderarm en in het bovenbeen en onderbeen. De 
reproduceerbaarheid werd weergeven als variatiecoëfficiënt. De reproduceerbaarheid op 
korte en middellange termijn van de meting met plethysmografie van basale en hyperemische 
bloedstroom in de onderarm en in het bovenbeen en onderbeen was acceptabel tot goed. 
De reproduceerbaarheid van de meting van de bloedstroom in de onderarm en in het 
onderbeen was acceptabel, terwijl de reproduceerbaarheid van meting van de bloedstroom 
in het bovenbeen goed was. Hieruit volgt dat veneuze occlusie plethysmografie een goede 
meetmethode is om de veranderingen in basale en hyperemische bloedstroom in armen en 
benen onder invloed van lichamelijke inactiviteit te bepalen.
In Hoofdstuk 3 wordt het eenzijdige beenophanging model, oftewel Unilateral Lower Limb 
Suspension (ULLS) model, geïntroduceerd als middel om aanpassingen van bloedvaten 
aan lichamelijke inactiviteit te bestuderen. Bij het ULLS model, dat oorspronkelijk werd 
ontwikkeld door Berg, loopt men met behulp van krukken en wordt één been opgehangen 
aan het bovenlichaam en daardoor niet belast. Met het ULLS model zijn eerder aanpassingen 
aan lichamelijke inactiviteit van spieren en zenuwen, maar niet van bloedvaten bestudeerd. 
Het ULLS model wordt, in tegenstelling tot bedrust, minder gehinderd door verstorende 
effecten van de zwaartekracht op de perifere bloedvaten. In dit hoofdstuk wordt echter 
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middels een casus beschreven dat het ULLS model een ernstige bijwerking kan veroorzaken, 
namelijk diep veneuze trombose. Tenslotte worden maatregelen ter preventie van trombose 
bij het ULLS model voorgesteld.
In Hoofdstuk 4 worden de veranderingen in slagaders en aders na 4 weken ULLS beschreven. 
Eigenschappen van slagaders en aders van de benen werden gemeten met echo Doppler 
en veneuze occlusie plethysmografie. De diameter van twee grote beenslagaders, de arteria 
femoralis communis en superficialis, verminderde met 12% na 4 weken ULLS. Bovendien 
verminderde de maximale diameter van de grote beenslagaders na toediening van de 
vaatverwijder nitroglycerine na 4 weken ULLS. Dit wijst op structurele veranderingen in de 
slagaderwand. De basale bloedstroom in de kuit, gemeten met plethysmografie, verminderde 
ook na ULLS. De diameter van beenslagaders en de basale kuitdoorbloeding normaliseerden na 
een herstelperiode van 4 weken. Zowel endotheel-afhankelijke als endotheel-onafhankelijke 
vaatverwijding nam toe na ULLS. Aangezien training alleen de endotheel-afhankelijke 
vaatverwijding verbetert, zijn de functionele veranderingen in de slagaders ten gevolge 
van lichamelijke inactiviteit niet eenvoudigweg het omgekeerde van aanpassingen aan 
training. De veneuze capaciteit (reservoirfunctie) is lager na ULLS met onveranderde veneuze 
compliantie (rekbaarheid van de aders). Deze vermindering in veneuze capaciteit kan via 
een verminderde cardiale “preload” (aanbod van bloed aan het hart) de inspanningstolerantie 
verminderen. Samenvattend veroorzaakt 4 weken ULLS duidelijke functionele en structurele 
veranderingen in slagaders en aders.
In Hoofdstuk 5 wordt het effect van lichamelijke inactiviteit op een specifiek aspect van 
endotheelfunctie bestudeerd, namelijk basale stikstofmonoxideproductie. In tegenstelling tot 
de oorspronkelijke hypothese veranderde de bijdrage van stikstofmonoxide aan de basale 
vaattonus niet na 4 weken deconditionering van humane skeletspier. Dit is opmerkelijk 
omdat training de bijdrage van stikstofmonoxide aan de basale vaattonus verbetert. Het 
effect van deconditionering is dus niet het tegenovergestelde van het effect van training. De 
bijdrage van stikstofmonoxide aan de basale vaattonus was behouden na extreme, langdurige 
deconditionering (dwarslesie patiënten) en na mildere, kortdurende (ULLS) deconditionering. 
Deconditionering had geen effect op de vaatvernauwing na remming van de productie van 
stikstofmonoxide door het endotheel en ook niet op de vaatverwijding door toegediend 
stikstofmonoxide. Tenslotte had deconditionering geen effect op de vaatvernauwing door een 
controle vaatvernauwer (angiotensine II). Hieruit blijkt dat er geen aspecifieke veranderingen 
in de mogelijkheid tot vaatvernauwing waren na deconditionering. Samenvattend is de 
bijdrage van stikstofmonoxide aan de basale vaattonus in de skeletspier van het been 
behouden in twee humane in-vivo modellen van deconditionering.
In Hoofdstuk 6 werd het effect van deconditionering door bedrust op de functie en structuur 
van de grote beenslagaders bestudeerd. Bovendien werd het beschermende effect van 
gecombineerde weerstands- en vibratietraining op deconditionering door bedrust geëvalueerd. 
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Zestien gezonde mannen werden gerandomiseerd toegewezen aan 8 weken bedrust met of 
zonder weerstands- en vibratietraining. Na bedrust verminderde de basale en maximale 
diameter van de grote beenslagaders, terwijl de bloedstroom niet veranderde. Endotheel-
afhankelijke en endotheel-onafhankelijke vaatverwijding van de grote beenslagaders nam 
duidelijk toe na bedrust. Dit wijst op een toegenomen effect van stikstofmonoxide na bedrust, 
mogelijk door een toegenomen gevoeligheid voor stikstofmonoxide of door een toegenomen 
vaatverwijdende capaciteit van de gladde spiercellen. Bovendien verminderde weerstands- 
en vibratietraining de afname van de diameter van de grote beenslagaders door bedrust, maar 
werd het effect van bedrust op endotheelfunctie alleen vertraagd.
In Hoofdstuk 7 werd het effect van bedrust op een kantelbed op de aders bestudeerd. Op dit 
kantelbed waren de voeten hoger en was het hoofd lager dan het hart gepositioneerd. Deze 
vorm van bedrust verminderde de veneuze capaciteit en veneuze compliantie en verhoogde 
de veneuze uitstroomweerstand in de benen. Omdat deze veranderingen niet in de armen 
optraden zijn ze waarschijnlijk het gevolg van veranderingen in hydrostatische gradiënten 
en veranderingen in lichamelijke activiteit en niet van een systemisch effect van bedrust 
deconditionering op het veneuze systeem. Omdat er geen relatie is tussen de veranderingen 
in de beenaders en de door bedrust veroorzaakte orthostatische intolerantie spelen 
veranderingen in veneuze compliantie geen belangrijke rol bij orthostatische intolerantie na 
bedrust op een kantelbed.
Hoofdstuk 8 bevat een discussie van de resultaten van de studies in dit proefschrift en hun 
relatie tot resultaten van eerdere studies. Bovendien worden implicaties voor fysiologische 
regulatie en pathologie van bloedvaten besproken.
De studies in dit proefschrift geven een beter inzicht in de fysiologische regulatie van 
aanpassingen van bloedvaten aan lichamelijke inactiviteit. Veneuze capaciteit en soms 
veneuze compliantie verminderen na een periode van lichamelijke inactiviteit. Via een 
reductie van cardiale “preload” kan dit bijdragen aan de verminderde inspanningstolerantie 
na deconditionering. Deze veranderingen in de aders van de benen spelen echter geen 
belangrijke rol bij het ontstaan van orthostatische intolerantie door bedrust deconditionering. 
De basale en maximale diameter van de grote beenslagaders neemt af na deconditionering 
door ULLS en bedrust. Uit de verandering van de maximale diameter blijkt dat de 
aanpassingen van de beenslagaders na een korte periode van lichamelijke inactiviteit al 
structureel van aard zijn. De aanpassingen van de beenslagaders aan lichamelijke inactiviteit 
bestaan dus niet alleen uit functionele veranderingen in vaattonus. Dit is klinisch relevant 
omdat structurele vaatvernauwing, oftewel inward remodeling, een belangrijke bijdrage levert 
aan de bloedvatvernauwing bij atherosclerose. Informatie over het effect van lichamelijke 
inactiviteit op endotheelfunctie is belangrijk omdat endotheliale dysfunctie het ontstaan van 
hart- en vaatziekten voorspelt en lichamelijke inspanning de endotheelfunctie verbetert. 
Lichamelijke inactiviteit heeft geen effect op de basale stikstofmonoxideproductie door het 
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endotheel van de kleine slagaders in de skeletspier van het been. In de grote beenslagaders 
is zowel de endotheel-afhankelijke als endotheel-onafhankelijke vaatverwijding toegenomen 
na een periode van inactiviteit. Training veroorzaakt een toename van basale endotheliale 
stikstofmonoxideproductie in de skeletspier en verbetert selectief de endotheel-afhankelijke 
vaatverwijding in de grote beenslagaders. Concluderend zijn de functionele aanpassingen van 
slagaders aan lichamelijke inactiviteit niet eenvoudigweg het omgekeerde van aanpassingen 
aan training. 
D a n k w o o r d
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Een dankwoord schiet van nature tekort. Daarom wil ik bij voorbaat iedereen hartelijk 
bedanken die aan dit proefschrift heeft meegewerkt, met name degenen die ik niet of 
onvoldoende noem. Een aantal mensen wil ik specifiek noemen.
Allereerst wil ik de gezonde vrijwilligers en vrijwilligers met een dwarslaesie bedanken 
die hebben deelgenomen aan de in dit proefschrift beschreven onderzoeken. Het deelnemen 
aan onderzoeken, waarbij door beenophanging of bedrust de lichamelijke activiteit fors en 
gedurende langere tijd wordt beperkt, vergt heel wat aanpassing en doorzettingsvermogen. Ik 
heb veel bewondering voor de vrijwilligers met een dwarslaesie die belangeloos meewerkten 
aan het onderzoek naar de aanpassing van hun bloedvaten ten gevolge van de extreme 
inactiviteit van hun benen.
Maria, als co-promotor was jij de initiator van het project dat uiteindelijk heeft geleid 
tot dit proefschrift. Ik heb veel steun gehad van je aanstekelijke optimisme en je creatieve 
probleemoplossende vermogen. Als ik naar jou toeging met resultaten of een onderzoeksopzet 
en het eigenlijk niet zo zag zitten, ging ik altijd weg met nieuwe mogelijkheden, nieuwe 
ideeën en nieuw enthousiasme. Bedankt voor je warme en persoonlijke begeleiding.
Paul, als promotor was jij oprecht betrokken bij de voortgang van mijn onderzoek. 
Steeds vond je toch wat tijd in je drukke agenda om mee te denken over de opzet van het 
onderzoek, de interpretatie van de resultaten en daaruit voortvloeiende vervolgstappen. Ik 
heb bewondering voor de manier waarop jij menselijkheid en integriteit combineert met 
leiderschap. Tenslotte heb ik het erg gewaardeerd dat je telkens zelf kwam vertellen dat ons 
“preserved NO artikel” opnieuw was afgewezen (en tenslotte wel geaccepteerd werd in een 
goed tijdschrift).
Gerard, jij hebt als co-promotor een belangrijke bijdrage geleverd aan dit onderzoek. 
Jouw inbreng was onmisbaar voor de ontwikkeling van het geperfundeerde bovenbeenmodel. 
Verder heb je met veel waardevolle farmacologische en fysiologische adviezen het onderzoek 
in de goede richting geleid.
Ben, you guided me during the writing of my first paper of this thesis. Thank you for 
sharing some of your phenomenal knowledge of cardiovascular physiology, microgravity and 
exercise training. You also taught me very much about scientific writing in English. 
Bij de afdeling Fysiologie maakte ik deel uit van een klein en hecht groepje onderzoekers, 
waarvan iedereen met nauw gerelateerde onderwerpen bezig was. Dat gaf de mogelijkheid 
om even met nieuwe resultaten of frustraties bij Miriam en Patricia of bij Dick binnen te lopen 
en een en ander te bespreken. Ook de gezamenlijke congressen in St. Louis en San Francisco 
waren erg leuk. 
Miriam, we hebben steeds heel goed en prettig samengewerkt. In het begin heb je me veel 
over het uitvoeren van invasieve metingen geleerd. Met name het samen opzetten van onze 
beider NO-onderzoeken verliep heel prettig, snel en efficiënt. Ik denk dat dit deels kwam 
omdat we elkaar behoedden voor te veel methodische twijfel.
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Patricia, ik heb veel van je geleerd over vasculaire echografie. Ik bewonder je inzet bij 
echometingen voor de hele afdeling en je schrijflust. We hebben op plezierige wijze 
samengewerkt aan een aantal onderzoeken. Met name de gezamenlijk metingen in Berlijn 
waren een leuke ervaring. Ik ben benieuwd wat er allemaal nog op je pad gaat komen.
Dick, nadat je van mijn college over bloedvataanpassingen bij inactiviteit zei niets geleerd 
te hebben, was ik verbaasd je als mede-onderzoeker te begroeten. Hoewel we bijna overal 
tegenpolen in zijn, hebben we altijd heel prettig samengewerkt. Ik bewonder met name jouw 
gigantische optimisme en werklust. Ik hoop dat je jouw wetenschappelijke aspiraties kunt 
verwezenlijken. 
Iedereen op de afdeling Fysiologie wil ik bedanken voor de prettige en ontspannen sfeer. 
Velen zijn mee geweest naar Berlijn voor de metingen voor de bedruststudie. Bregina, zonder 
jouw zeer grote inzet bij de echo-metingen en -analyses had driekwart van dit proefschrift 
niet geschreven kunnen worden. We hebben samen veel gezellige meeturen en uren in de 
auto naar Berlijn doorgebracht en daarbij uitgesproken meningen uitgewisseld over talloze 
zaken. Tenslotte hartelijk dank voor het maken van het zeer toepasselijke schilderij dat de 
kaft van dit proefschrift siert. Jos, jij leverde uitstekende ondersteuning bij alle invasieve 
experimenten en bij de verwerking van bloedmonsters. Je omgang met de vrijwilligers was 
keurig, hoewel je ze soms wel een beetje liet schrikken door te vertellen dat je vroeger altijd 
alleen met proefdieren had gewerkt. Jan, jij zette onze meetopstelling op en ontwikkelde het 
fysiomon-systeem om de signalen van de arteriële en veneuze plethysmografie te analyseren. 
Ook op dagen dat je er eigenlijk niet was, hielp je bij technische mankementen. Bedankt. Piet 
en Louis hielpen me toen ik dreigde vast te lopen in alle modellen om druk-volume-curves te 
analyseren en leverden soms wat kritische kanttekeningen. Ook Annelies en Maarten bedankt 
voor jullie hulp.
Een aantal studenten heeft een belangrijke bijdrage geleverd aan mijn onderzoek. Niek, 
samen hebben we het model van de eenzijdige beenophanging in Nijmegen opgezet en 
alle metingen in een 48-uurs-pilotstudie getest. Die pilotstudie vormde een belangrijke basis 
voor dit proefschrift. Fleur analyseerde op haar zelfstandige en efficiënte wijze de veneuze 
druk-volume-curves. Rebecca voerde een uitstekend onderzoek naar reproduceerbaarheid 
en analysemethoden van veneuze compliantie uit. Heleen, met het gipsartikel is het helaas 
niets geworden, maar mede door de door jou geanalyseerde IPAQ data is uiteindelijk het 
“preserved NO artikel” toch geaccepteerd. Verder wil ik alle andere studenten die hebben 
geholpen bij mijn onderzoek bedanken.
De andere onderzoekers die met vasculaire onderwerpen bezig waren en samenwerkten 
met Paul Smits trof ik over de jaren tijdens en buiten de dinsdagmiddag AGIKO-bespreking. 
Cees Tack en Jacques Lenders dachten kritisch mee bij mijn voordrachten en gaven nuttige 
adviezen. Ook was de AGIKO-bespreking een ideale gelegenheid om ervaringen en goede 
raad uit te wisselen met medepromovendi. Nu ik dit schrijf besef ik pas dat het een grote en 
snel wisselende groep is en dat het niet lukt om iedereen te noemen. Alexander, we begrijpen 
elkaar altijd erg goed. Hopelijk wordt je cardiovasculair fysiologie schema over oedeem bij 
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thiazolinediones ooit helemaal sluitend. Ook Egidia, Henri, Bart, Alexandra, Bastiaan, Niels, 
Richard, Marlies en alle anderen hartelijk bedankt.
I also want to thank all the scientists of the Berlin Bed Rest study for a pleasant cooperation. 
When I learned about the study, Dick Stegeman helped me to become an active participant. 
Jörn Rittweger and Dieter Felsenberg fitted us into the busy study schedule. Jörn answered 
numerous questions and emails and quickly solved numerous problems. Edwin Mulder 
helped us to get acquainted on the ward. Birthe Feilcke meticulously controlled the subjects’ 
diets for the vascular measurements. 
George Borm gaf advies over de zinnige en onzinnige commentaren van referees op de 
gebruikte statistische methoden, waarvoor dank.
De directie van het Instituut voor Fundamentele en Klinische Bewegingswetenschappen 
(IFKB) gaf bij de jaarlijkse gesprekken nuttige adviezen. Vooral het in een vroege fase opzetten 
van een goed promotieplan was een zeer goede tip. Verder was het IFKB een sterke drijvende 
kracht achter de Berlin Bed Rest study.
Maurice en Alfons, ik ben blij dat jullie als paranimfen ook bij deze belangrijke 
gebeurtenis in mijn leven betrokken zijn. Ook al zie je elkaar niet zo vaak, als je blijft geloven 
in vriendschap blijft het bestaan.
Roos en Willie, naast de vaste dinsdag/omadag zijn jullie talloze malen ingesprongen om 
voor de kinderen te zorgen als er weer eens van alles moest gebeuren. Hartelijk dank voor 
jullie hulp en steun.
Moeder en vader, het is in deze fase van je leven dat je beseft dat alles goed regelen en je 
kinderen opvoeden helemaal niet zo makkelijk is als het vroeger leek. Ik krijg daarom steeds 
meer respect voor jullie prestatie. Hartelijk dank voor jullie hulp en steun over de afgelopen 
jaren. De laatste loodjes van dit proefschrift waren nooit gelukt zonder jullie veelvuldig 
oppassen op donderdag en bij ziekte van Alex of Eva. Tenslotte, vader bedankt voor het 
kritisch doorlezen van het volledige proefschrift.
Lieve Chantal, hoewel het combineren van onderzoek, zorg voor de kinderen en nu weer 
klinisch werken als internist door ons beiden, een hele uitdaging is, vind ik dat we het goed 
doen. Je hebt me meer geholpen, onder andere met dit proefschrift, dan je zelf weet. Je bent 
nog steeds mijn allerliefste. Met jou wil ik oud worden.
Lieve Eva, je krijgt het allemaal nog niet zo mee, maar als je dit later leest: je bent nu een 
lief en eigenwijs mupje dat flink begint rond te stappen en al precies duidelijk kan maken 
wat ze wil.
Lieve Alex, toen pappa weer echt als dokter in het ziekenhuis ging werken, raakte jij veel 
pappa-dagen kwijt omdat pappa ook aan zijn boekje moest werken. “Is het boekje nou nog 
niet af?”, verzuchtte je dan ook regelmatig. Alex, het boekje is nu af, en al moet je nu naar 
school, we gaan samen weer meer leuke dingen doen.
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